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PREFACE 


This book’s main objective is to present microwave and millimeter wave technolo- 
gies. However, Chapters 1 and 2 present definitions on communication and RF sys- 
tems and are written to assist electrical engineers and students in studying basic theory 
and fundamentals of electromagnetics and antennas. There are many electromagnetic 
theory books and antenna books for electromagnetic scientist. However, there are few 
books that help electrical engineers and undergraduate students to study and to under- 
stand basic communication and RF systems definitions and electromagnetic and 
antenna theories and fundamentals with minimum integral and differential equations. 

There are several 3D full-wave electromagnetic softwares such as HFSS, ADS, and 
CST that are used to design and analyze antennas. Modules developed and analyzed in 
this book were designed by using HFSS and ADS. For almost all RF modules and 
antennas presented in this book, there was a good agreement between computed 
and measured results. Only one design and fabrication iteration was needed in the 
development process of the RF communication modules and antennas. Each chapter 
covers sufficient details to enable students, scientists from all areas, and electrical and 
biomedical engineers to follow and understand the topics presented in the book. The 
book begins with elementary topics on electromagnetics and antennas needed by stu- 
dents and engineers with no background in electromagnetic and antenna theory to 
study and understand the basic design principle and features of RF and communica- 
tion systems with communication and medical applications. 

Several topics and designs are presented in this book for the first time. These 
include new designs of RF and communication modules and compact antennas for 
communication and medical applications. This book may serve as a reference book 
for students and design engineers. The text contains sufficient mathematical detail 
and explanations to enable electrical engineering and physics students to understand 
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all topics presented in this book. Design considerations and computed and measured 
results of the RF modules are also presented. 

Chapter 1 presents basic definitions on RF and communication systems. Electro- 
magnetic theory and transmission lines are presented in Chapter 2. An introduction to 
antennas is given in Chapter 3. MIC and MMIC technologies are presented in 
Chapter 4. Chapter 5 presents printed antennas for wireless communication systems. 
MIC and MMIC MM wave receiving channel modules are presented in Chapter 6. 
Integrated outdoor unit (ODU) for MM wave satellite communication applications 
is presented in Chapter 7. MIC and MMIC integrated RF heads are presented in 
Chapter 8. MIC and MMIC components and module design are presented in Chapter9. 
Microelectromechanical systems (MEMS) technology is presented in Chapter 10, 
whereas low temperature co-fired ceramic (LTCC) technology is presented in 
Chapter 11. Advance antenna technologies for communication system are presented 
in Chapter 12. Wearable antennas for communication and medical applications are 
presented in Chapter 13. RF and antenna measurements and measurement setups 
are presented in Chapter 14. 
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ELECTROMAGNETIC WAVE 
PROPAGATION AND APPLICATIONS 


The purpose of this chapter is to provide a short survey of electromagnetic wave 
propagation and applications. The electromagnetic spectrum and basic definitions 
of electromagnetic wave propagation are presented in this chapter. Transmitting 
and receiving information in microwave frequencies are based on electromagnetic 
wave propagation. 


1.1 ELECTROMAGNETIC SPECTRUM 

The electromagnetic spectrum corresponds to electromagnetic waves from the meter 
range to the mm-wave range. The characteristic feature of this phenomenon is the 
short wavelength involved. The wavelength is of the same order of magnitude as the 
circuit devices used. The propagation time from one point of the circuit to another 
point of the circuit is comparable with period of the oscillating voltages and currents 
in the circuit. Conventional low circuit analysis based on Kirchhoff’s and Ohm’s 
laws could not analyze and describe the variation of fields, voltages, and currents 
along the length of the components. Components that their dimensions are lower 
than a 10th of wavelength are called lumped elements. Components that their 
dimensions are higher than a 10th of wavelength are called distributed elements. 
Kirchhoffs and Ohm’s laws may be applied to lumped elements. However, 
Kirchhoff’s and Ohm's laws cannot be applied to distributed elements. 
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To prevent interference and to provide efficient use of the radio spectrum, similar 
services are allocated in bands (see Refs. [1-3]). Bands are divided at wavelengths 
of 10" meters, or frequencies of 3 x 10" Hz. Each of these bands has a basic band 
plan that dictates how it is to be used and shared to avoid interference and to 
set protocol for the compatibility of transmitters and receivers. In Table 1.1 the 
electromagnetic spectrum and applications are listed. In Table 1.2 the IEEE 
Standard for radar frequency bands is listed. In Table 1.3 the International 
Telecommunication Union (ITU) bands are given. In Table 1.4 radar frequency 
bands as defined by NATO for ECM systems are listed (see Ref. [4]). 


TABLE 1.2 IEEE Standard Radar Frequency Bands 


Microwave Frequency Bands — IEEE Standard 

Designation 

Frequency Range (GHz ) 

L band 

1-2 

S band 

2-4 

C band 

4-8 

X band 

8-12 

K u band 

12-18 

K band 

18-26.5 

K a band 

26.5-40 

Q band 

30-50 

U band 

40-60 

V band 

50-75 

E band 

60-90 

W band 

75-110 

F band 

90-140 

D band 

110-170 


TABLE 1.3 

The International Telecommunication Union Bands 


Band Number 

Symbols 

Frequency Range 

Wavelength Range 

4 

VLF 

3-30 kHz 

10-100 km 

5 

LF 

30-300 kHz 

1-10 km 

6 

MF 

300-3000 kHz 

100-1000 m 

7 

HF 

3-30 MHz 

10-100 m 

8 

VHF 

30-300 MHz 

1-10 m 

9 

UHF 

300-3000 MHz 

10-100 cm 

10 

SHF 

3-30 GHz 

1-10 cm 

11 

EHF 

30-300 GHz 

1-10 mm 

12 

THF 

300-3000 GHz 

0.1-1 mm 
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ELECTROMAGNETIC WAVE PROPAGATION AND APPLICATIONS 


TABLE 1.4 Radar Frequency Bands as Defined 
by NATO for ECM Systems" 


Band 

Frequency Range (GHz) 

A band 

0-0.25 

B band 

0.25-0.5 

C band 

0. 5-1.0 

D band 

1-2 

E band 

2-3 

F band 

3-4 

G band 

4-6 

H band 

6-8 

I band 

8-10 

J band 

10-20 

K band 

20^10 

L band 

40-60 

M band 

60-100 


Ref. [4], 


1.2 FREE-SPACE PROPAGATION 


Consider an isotropic source radiating P t watts uniformly into free space. 

At distance R , the area of the spherical shell with center at the source is 4nR 2 . 
Flux density at distance R is given by Equation 1.1: 


F = 


P t 

4 jiR 1 


W/m 2 


G(0) = 


m 

Po/4n 


( 1 . 1 ) 

( 1 . 2 ) 


where 

P{8 ) is the variation of power with angle 
G(0 ) is the gain at the direction 6 
Pq is the total power transmitted 
Sphere = 4 n solid radians 

Gain is usually expressed in decibels (dB): G [dB] = lOlogio G. Gain is realized by 
focusing power. An isotropic radiator is an antenna that radiates in all directions 
equally. Effective isotropic radiated power (E1RP) is the amount of power the trans- 
mitter would have to produce if it was radiating to all directions equally. The EIRP 
may vary as a function of direction because of changes in the antenna gain versus 
angle. We now want to find the power density at the receiver. We know that power 
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is conserved in a lossless medium. The power radiated from a transmitter must pass 
through a spherical shell on the surface of which is the receiver. 

The area of this spherical shell is An R 2 . 

Therefore spherical spreading loss is I /AnR 1 . 

We can rewrite the power flux density, as given in Equation 1.3, now considering 
the transmit antenna gain: 


EIRP 

F= 

AnR 2 


P t G t 

AnR 2 


W/m 2 


(1.3) 


The power available to a receive antenna of area A r is given in Equation 1.4: 


P r = FxA r = 


P,GA 

AnR 2 


(1.4) 


Real antennas have effective flux collecting areas, which are less than the physical 
aperture area. A e is defined as the antenna effective aperture area. 

Where A e = A p h y x 17 , 1 ; = aperture efficiency. 

Antennas have maximum gain G related to the effective aperture area as/as given 
in Equation 1.5, where A e is the effective aperture area: 

4;rA e 

G = Gain = ( L5 ) 


Aperture antennas (horns and reflectors) have a physical collecting area that can be 
easily calculated from their dimensions: 

1 D 2 

A phy = nr 2 = n— (1.6) 

Therefore, using Equations 1.5 and 1.6 we can obtain the formula for aperture 
antenna gain as given in Equations 1.7 and 1.8: 


. AnA e 4^Ap hy 

Gain = — x ?! 

i 2 i 2 

(1.7) 

oain= (?) 

( 1 . 8 ) 

^ . (15n\ 2 (75/r ) 2 

Gain = rj 1 I = rj 

\^3dB / 03dB//#3dBE 

(1.9) 

where 6 > 3 dB = — 


03 dB is the antenna half power beamwidth. Assuming, for instance, 
efficiency of 0.55 gives 

a typical aperture 

^ . 30,000 30,000 

Gain = ^ = a a 

( 03 dB) @3dBH@3dBE 

( 1 . 10 ) 



6 


ELECTROMAGNETIC WAVE PROPAGATION AND APPLICATIONS 


1.3 FRIIS TRANSMISSION FORMULA 


The Friis transmission formula is presented in Equation 1.11: 


Pr 


PtG t G r 



( 1 . 11 ) 


Free-space loss (L p ) represents propagation loss in free space (e.g., losses due to 
attenuation in atmosphere) 

where Lp = (4 nR/X) 1 . The received power may be given as P r = (P t G t G r /L p ). 

L a should also be accounted for in the transmission equation. Losses due to polar- 
ization mismatch, L pol , should also be accounted. Losses associated with receiving 
antenna, L ra , and with the receiver, L r , cannot be neglected in computation of trans- 
mission budget. Losses associated with the transmitting antenna can be written as L ta : 


Pr = 


P t G t G T 


FpL a L|a L ra Lpoi L 0 L r 


p _ 

x ~~u 


E1RP = P t G t 


where 


P t is the transmitting antenna power 

L, is the loss between power source and antenna 

E1RP is the effective isotropic radiated power 


Pr = 


P t G,G r 


L p L a L| a L la F po | L 0 || IlM Li 
EIRP x G r 

LpL a Lt a Z^- a Lp 0 iL 0 therGr 


( 1 . 12 ) 


(1.13) 


Pou,G t G r 


L[ Lp L d L[ d L rd Lp 0 \ Z>other 


where 


G = ioi °<^) 


dB 


gain in dB 


dB loss in dB 
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Gain may be derived as given in Equation 1.14: 

y 2 y 2 

P — m p _ out 

111 ~ P out " P 

*Mn ^out 

c - ioi °Kt) +ioio K^) -M'k) + m °it) 


(1.14) 


1.3.1 Logarithmic Relations 

Important logarithmic operations are listed in Equations 1.15—1.18: 

101og lo (AxB) 

= 101og 10 (A) + 101og 10 (fi) 

=A dB+B dB 
= (A + B) dB 
101og 10 (A/B) 

= 101og 10 (A)-101og 10 (B) 

=A dB-B dB 
= (A-B) dB 
101og 10 (A 2 ) 

= 2 x 101og 10 (A) 

= 201og 10 (A) 

= 2x (Ain dB) 

101og 10 (vA) 

10 i / 4 \ 

= y lo gio(^) 

= ^ x (AindB) 


(1.15) 


(1.16) 


(1.17) 


(1.18) 


In Table 1.5 linear ratio versus logarithmic ratio is listed. 

The received power B r in dBm is given in Equation 1.19. The received power P r is 
commonly referred to as “carrier power,” C: 


P y — EIRP Z,t a Lp /.,i /.po ; Bother + G'r B r 


(1.19) 
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TABLE 1.5 Linear Ratio versus Logarithmic Ratio 


Linear Ratio 

dB 

Linear Ratio 

dB 

0.001 

-30.0 

2.000 

3.0 

0.010 

-20.0 

3.000 

4.8 

0.100 

-10.0 

4.000 

6.0 

0.200 

-7.0 

5.000 

7.0 

0.300 

-5.2 

6.000 

7.8 

0.400 

-4.0 

7.000 

8.5 

0.500 

-3.0 

8.000 

9.0 

0.600 

-2.2 

9.000 

9.5 

0.700 

-1.5 

10.000 

10.0 

0.800 

-1.0 

100.000 

20.0 

0.900 

-0.5 

1000.000 

30.0 

1.000 

0.0 

18.000 

12.6 


The surface area of a sphere of radius d is 4;zy/ 2 , so that the power flow per unit area 
W (power flux in W/m 2 ) at distance d from a transmitter antenna with input power P T 
and antenna gain Gt is given in Equation 1.20: 


W = 


I\Gr 

And 1 


( 1 . 20 ) 


The received signal strength depends on the “size” or aperture of the receiving 
antenna. If the antenna has an effective area A, then the received signal strength is 
given in Equation 1.21: 


p «= p ^{^) <L21) 

Define the receiver antenna gain Gr = An AD 2 
where X = c!f 


1.4 LINK BUDGET EXAMPLES 

F =2 A GHz = > X= 12.5 cm 
At 933 MHz = >2 = 32 cm. 

Receiver signal strength: P R = P T G T G R OJAndf 

P R (dBm) = P T (dBm) + G T (dBi) + G R (dBi) + 101o glo (OJ4n) 2 ) - 101og 10 (c/ 2 ) 
For F=2A GHz = > 101og 10 ((2/4;r) 2 ) = -40dB 
For F= 933 MHz = > 101og 10 {(XIAnf) = -32dB 



NOISE 


9 


Mobile phone downlink 

A = 12.5 cm 
/= 2.4 GHz 

P R (dBm) = (P T G t G r L) (dBm) - 40dB + 101o glo (1 Id 2 ) 

Pr — (P t + Gt + Gr + L) — 40dB = lOlogio ( \ Uf ) 

Or 155 - 40= 101og 10 (1 Id 2 ) 

Or (155 - 40)/20 = log 10 (l/d) 
d = 10 A (( 155 - 40)/20) = 562 km 

Mobile phone uplink 

d = 10 A (( 153 - 40)/20) = 446 km 
For standard 802.11 

• F R -P T = -113.2dBm 

• 6 Mbps 

° d = 10 <113 ' 2_4O)/2 ° = 4500 m 
o d= io (113 - 2 - 40 - 3)/20 = 3235 m with 3dB gain margin 
° d= io (113 - 2_40_3_9)/20 = 1148m with 3dB gain margin and neglecting 
antenna gains 

• 54 Mbps needing -85dBm 
od= 10 ( "- 2 - 4O)/2O = 912m 

° d= io <99 ' 2_40_3)/20 = 646 m with 3dB gain margin 

° d- 10 <99 ' 2_4O_3_9)/2 ° = 230 m with 3dB gain margin and neglecting 
antenna gains 

Signal strength 

Measure signal strength in 
dBW = lOlog (power in watts) 
dBm= lOlog (power in mW) 

802. 1 1 can legally transmit at 30dBm. 

Most 802.11 PCMCIA cards transmit at 10-20dBm. 

Mobile phone base station: 20 W, but 60 users, so 0.3 W/user, but antenna has gain 
= 18dBi. 

Mobile phone handset: 21dBm 


1.5 NOISE 

Noise limits systems ability to process weak signals. 

System dynamic range is defined as system capability to detect weak signals in 
presence of large-amplitude signals. 
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Noise sources 

1 . Random noise in resistors and transistors 

2. Mixer noise 

3. Undesired cross-coupling noise from other transmitters and equipment 

4. Power supply noise 

5. Thermal noise present in all electronics and transmission media due to thermal 
agitation of electrons 


Thermal noise = kTB (W) 

where k is Boltzmann's constant = 1.38 x 10 A -23 
T is temperature in Kelvin (C + 273) 

B is bandwidth 


Examples 

For temperature = 293°C= > -203dB, -173dBm/Hz 

For temperature = 293°C and 22 MHz = > -130dB, -lOOdBm 


Random noise 

• External noise 

• Atmospheric noise 

• Interstellar noise 


Receiver internal 

• Thermal noise 

• Flicker noise (low frequency) 

• Shot noise 

SNR is defined as signal-to-noise ratio. SNR varies with frequency. 

SNR = signal power/noise power, and SNR is given in Equation 1.22: 

SMR _ 5 (/) = average signal power 
N(f) average noise power 

• SNR (dB)= 101og ]0 (signal power/noise power). 

Noise factor, F, is a measure of the degradation of SNR due to the noise added as 
we process the signal. F is given in Equations 1.23 and 1.24: 
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available output noise power 
available output noise due to source 

Noise figure = NF = 101og(F). 

Multistage noise figure is given by Equation 1.24: 

F 2 - 1 F 3 - 1 F n - 1 

G\ G1G2 G1G2 •G„_i 


(1.23) 


(1.24) 


Signal strength is the transmitted power multiplied by a gain minus losses. 


Loss sources 

• Distance between the transmitter and the receiver. 

• The signal passes through rain or fog at high frequencies. 

• The signal passes through an object. 

• Part of the signal is reflected from an object. 

• Signal interferes multipath fading. 

• An object not directly in the way impairs the transmission. 

The received signal must have a strength that is larger than the receiver sensitivity. 
SNR of 20dB or larger would be good. 

Sensitivity is defined as minimum detectable input signal level for a given output 
SNR, also called noise floor. 


1.6 COMMUNICATION SYSTEM LINK BUDGET 

Link budget determines if the received signal is larger than the receiver sensitivity. 

A link budget analysis determines if there is enough power at the receiver to 
recover the information. Link budget must account for effective transmission power. 
Link budget takes into account the following parameters: 

Transmitter 

• Transmission power 

• Antenna gain 

• Losses in cable and connectors 

Path losses 

• Attenuation 

• Ground reflection 

• Fading (self-interference) 
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Receiver 

• Receiver sensitivity 

• Losses in cable and connectors 

1.6.1 Transmitter 


♦ 



FIGURE 1.1 Transmitter block diagram. 


1.6.2 Receiver 

Transmitter block diagram is shown in Figure 1 . 1 (T able 1.6). Receiver block diagram 
is shown in Figure 1.2 (Table 1.7). 

TABLE 1.6 Transmitting Channel Power Budget 

Component Gain (dB)/Loss (dB) Power (dBm) Remarks 


Input power 


-2 

Transmitter gain 

40 


Power amplifier output power 


38 

Filter loss 

1 

37 

Cable loss 

1 

36 

Matching loss 

1 

35 

Radiated power 


35 



FIGURE 1.2 Receiver block diagram. 


TABLE 1.7 Receiving Channel Power Budget 


Component 

Gain (dB)/Loss (dB) 

Power (dBm) 

Remarks 

Input power 

Receiver gain 

23 

-20 


Cable loss 

1 

-21 


Filter loss 

1 

-22 


Matching loss 

1 

-23 


LNA amplifier output power 


0 
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1.7 PATH LOSS 

Path loss is a reduction in the signal’s power, which is a direct result of the distance 
between the transmitter and the receiver in the communication path. 

There are many models used in the industry today to estimate the path loss, and the 
most common are the free-space and Hata models. Each model has its own require- 
ments that need to be met in order to be utilized correctly. The free-space path loss is 
the reference point other models used. 

1.7.1 Free-Space Path Loss 

Free-space path loss (dB) = 201og 10 / + 201og 10 r/- 147.56 

where F is frequency in hertz and d is the distance in meters. 

Free-space model typically underestimates the path loss experienced for mobile 
communications. Free-space model predicts point-to-point fixed path loss. 

1.7.2 Hata Model 

The Hata model is used extensively in cellular communications. The basic model is 
for urban areas, with extensions for suburbs and rural areas. 

The Hata model is valid only for these following ranges: 

• Distance 1-20 km 

• Base height 30-200 m 

• Mobile height 1-10 m 

• 150-1500 MHz 

The Hata formula for urban areas is 

L H = 69.55 + 26.161og 10 / c -13.821og 10 /r b -env(/? m ) + (44.9-6.551og 10 /! b )log 10 /? 
where 

h b is the base station antenna height in meters 
h m is the mobile antenna height also measured in meters 
R is the distance from the cell site to the mobile in kilometers 
/ c is the transmit frequency in MHz 

env(/? m ) is an adjustment factor for the type of environment and the height of the 
mobile (env(7z m ) = 0 for urban environments with a mobile height of 1.5 m) 


1.8 RECEIVER SENSITIVITY 

Sensitivity describes the weakest signal power level that the receiver is able to detect 
and decode. Sensitivity is determined by the lowest SNR at which the signal can be 
recovered. Different modulation and coding schemes have different minimum SNRs. 
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Sensitivity is determined by adding the required SNR to the noise present at the 
receiver. 

Noise sources 

• Thermal noise 

• Noise introduced by the receiver’s amplifier 

Thermal noise =N= kTB (W) 
where 

k= 1.3803 x 10“ 23 J/K 
T = temperature in Kelvin 
B = receiver bandwidth 

N (dBm) = 101og 10 (kTB) + 30 

Thermal noise is usually very small for reasonable bandwidths. 

1.8.1 Basic Receiver Sensitivity Calculation 

Sensitivity (W) = kTB x NF (linear) x minimum SNR required (linear) 

Sensitivity (dBm) = 101og 10 (kTB x 1000) + AT’(dB) + minimum SNR required (dB) 
Sensitivity (dBm) = 101og 10 (CTB) + 30 + NF (dB) + minimum SNR required (dB) 

Sensitivity decreases in communication systems when: 

• Bandwidth increases. 

• Temperature increases. 

• Amplifier introduces more noise. 

• There are losses in space, rain, and snow. 

1.9 RECEIVERS: DEFINITIONS AND FEATURES 

Figure 1.3 presents a basic receiver block diagram. 


1.9.1 Receiver 



FIGURE 1.3 Basic receiver block diagram. 
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1.9.2 Receivers: Definitions 

RF, IF, and LO frequencies — When a receiver uses a mixer we refer to the input 
frequency as the RF. The system must provide a signal to mix down the RF, and 
this is called the local oscillator. The resulting lower frequency is called the 
intermediate frequency (IF), because it is somewhere between the RF and 
the baseband frequency. 

Baseband frequency — The baseband is the frequency at which the information 
you want to process is. 

Preselector filter — Preselector filter is used to keep undesired radiation from 
saturating a receiver. For example, we don’t want our cell phone to pick up 
air-traffic control radar. 

Amplitude and phase matching versus tracking — In a multichannel receiver 
(more than one receiver), it is important for the channels to match and track each 
other over frequency. Amplitude and phase matching means that the relative 
magnitude and phase of signals that pass through the two paths must be almost 
equal. 

Tunable bandwidth versus instantaneous bandwidth — Instantaneous band- 
width is what we get with a receiver when we keep the LO at a fixed frequency 
and sweep the input frequency to measure the response. The resulting band- 
width is a function of the frequency responses of everything in the chain. Their 
instantaneous bandwidth has a direct effect on the minimum detectable signal. 
Tunable bandwidth implies that we change the frequency of the LO to track the 
RF frequency. The bandwidth in this case is only a function of the preselector 
filter, the LNA, and the mixer. Tunable bandwidth is often many times greater 
than instantaneous bandwidth. 

Gain — The gain of a receiver is the ratio of input signal power to output sig- 
nal power. 

Noise figure — Noise figure of a receiver is a measure of how much the 
receiver degrades the ratio of signal to noise of the incoming signal. It 
is related to the minimum detectable signal. If the LO signal has a high 
AM and/or FM noise, it could degrade the receiver noise figure because, 
far from the carrier, the AM and FM noise originate from thermal noise. 
Remember that the effect of LO AM noise is reduced by the balance of the 
balanced mixer. 

ldB compression point — ldB compression point is the power level where the 
gain of the receiver is reduced by ldB due to compression. 

Linearity — The receiver operates linearly if a ldB increase in input signal power 
results in a ldB increase in IF output signal strength. 

Dynamic range — Dynamic range of a receiver is a measurement of the minimum 
detectable signal to the maximum signal that will start to compress the receiver. 

Signal-to-noise ratio (S/N or SNR) — SNR is a measure of how far a signal is 
above the noise floor. 
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Noise factor, noise figure, and noise temperature 

• Noise factor is a measure of how the signal to noise ratio is degraded by a 
device: 

F = noise factor = (SJN, n )/(S out /N out ) 
where 

Si n is the signal level at the input 
Ni n is the noise level at the input 
S out is the signal level at the output 
N out is the noise level at the output 

• The noise factor of a device is specified with noise from a noise source at room 
temperature (A^; n = KT), where K is Boltzmann’s constant and T is approximately 
room temperature in Kelvin. KT is somewhere around -174dBm/Hz. Noise 
figure is the noise factor, expressed in decibels: 

NF (dB) = noise figure = lOlog (F). 

T = noise temperature = 290 x (F - 1). 
ldB NF is about 75 K, and 3dB is 288 K. 

The noise factor contributions of each stage in a four-stage system are given in 
Equation 1.25: 


„ _ F2-1 F 3-1 FA - 1 

F — F l-i i 1 

G 1 G1G2 G1G2G3 


(1.25) 


1.10 TYPES OF RADARS 

In monostatic radars the transmitting and receiving antennas are colocated. Most 
radars are monostatic. 

In bistatic radars the transmitting and receiving antennas are not colocated. 

Doppler radar is used to measure the velocity of a target due to its Doppler shift. 
Police radar is a classic example of Doppler radar. 

Frequency-modulated/continuous-wave (FMCW) radar implies that the radar 
signal is “chirped” or its frequency is varied in time. By varying the frequency in 
this manner, you can gather both range and velocity information. 

Synthetic aperture radar (SAR) uses a moving platform to “scan” the radar in 
one or two dimensions. Satellite radar images are mostly done using SAR. 


1.11 TRANSMITTERS: DEFINITIONS AND FEATURES 


Figure 1 .4 presents a basic transmitter block diagram. 



TRANSMITTERS: DEFINITIONS AND FEATURES 


17 


1.11.1 Transmitter 



FIGURE 1.4 Transmitter block diagram. 


1.11.2 Amplifiers 

Class A — The amplifier is biased at close to half of its saturated current. The output 
conducts during all 360° of phase of the input signal sine wave. Class A does not 
give maximum efficiency, but provides the best linearity. Drain efficiencies of 
50% are possible in class A. 

Class B — The power amplifier is biased at a point where it draws nearly 0 DC 
current; for an FET, this means that it is biased at pinch-off during one half 
of the input signal sine wave it conducts, but not the other half. Class 
B amplifier can be very efficient, with theoretical efficiency of 80-85%. How- 
ever, we are giving up 6dB of gain when we move from class A to class B. 

Class C — Class C occurs when the device is biased so that the output conducts 
for even less than 180° of the input signal. The output power and gain 
decrease. 

Power density — This is a measure of power divided by transistor size. In the case 
of FETs it is expressed in watts/millimeter. GaN transistors have more than 
10 W/mm power density. 

Saturated output power (PSAT) is the output power where the Pi n /P out curve 
slope goes to zero. 

Load pull — This is the process of varying the impedance seen by the output of an 
active device to other than 50 O in order to measure performance parameters, in 
the simplest case, gain. In the case of a power device, a load pull power bench is 
used to evaluate large signal parameters such as compression characteristics, 
saturated power, efficiency, and linearity as the output load is varied across 
the Smith chart. 

Harmonic load pull — This is the process of varying the impedance at the output of 
a device, with separate control of the impedances at Fq, 2Fq, 3 To,.... 

Source pull — This is the process of varying the impedance seen by the input of 
an active device to other than 500 in order to measure performance 
parameters. In the case of a low-noise device, source pull is used in a noise 
parameter extraction setup to evaluate how SNR (noise figure) varies with 
source impedance. 
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TABLE 1.8 Power Amplifier Output Power Capabilities 


Frequency Band 

Solid State 

Tube Type 

L band through C band 

200 W (LDMOS) GaN 


X band 

50 W (GaN HEMT device) 

3000 W (TWT) 

Ka band 

6 W (GaAs PHEMT device) 

1000 W (klystron) 

Q band 

4 W (GaAs PHEMT device) 


W band 

0.5 W (InP) 

1000 W (EIKA) even more! 
(gyrotron) 


Amplifier temperature considerations 

In the case of an FET amplifier, the gain drops and the noise figure increases. 
The gain drop is around -0.006dB/stage/°C. 

Noise figure of an LNA increases by +0.006dB/°C. In an LNA, the first stage 
will dominate the temperature effect. 

Power amplifiers 

Power amplifiers are used to boost a small signal to a large signal. 

Solid-state amplifiers and tube amplifiers are usually employed as power 
amplifiers. 

Power amplifier output power capabilities are listed in Table 1.8. 
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ELECTROMAGNETIC 
THEORY AND TRANSMISSION 
LINES FOR RF DESIGNERS 


Electromagnetic waves are created by time-varying currents and charges. Propagation 
of electromagnetic waves in space and in materials obeys Maxwell’s equations [1-8]. 
Electromagnetic fields may be viewed as a combination of electric and magnetic 
fields. Stationary charges produce electric fields. Moving charges and currents pro- 
duce magnetic fields. 


2.1 DEFINITIONS 

Field — A field is a physical quantity that has a value for each point in space 
and time. 

Wavelength — The wavelength is the distance between two sequential equivalent 
points. Wavelength, A, is measured in meters. 

Wave period — The period is the time, T, for one complete cycle of an oscillation 
of a wave. The period is measured in seconds. 

Frequency — The frequency,/, is the number of periods per unit time (second) and 
is measured in hertz. 


Wideband RF Technologies and Antennas in Microwave Frequencies , First Edition. Dr. Albert Sabban. 
©2016 John Wiley & Sons, Inc. Published 2016 by John Wiley & Sons, Inc. 
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Phase velocity — The phase velocity, v, of a wave is the rate at which the phase of 
the wave propagates in space. Phase velocity is measured in meter per second: 

x = v x r 

T = f (2-1) 


Electromagnetic waves propagate in free space in phase velocity of light: 

v = 3xl0 s m/s (2-2) 

Wavenumber — The wavenumber, k , is the spatial frequency of a wave in radians 
per unit distance (per meter): k = 2n/X. 

Angular frequency — The angular frequency, co, represents the frequency in 
radians per second: w = vxk = 2jif. 

Polarization — A wave is polarized if it oscillates in one direction or plane. The 
polarization of a transverse wave describes the direction of oscillation in the 
plane perpendicular to the direction of propagation. 

Antenna — Antenna is used to radiate efficiently electromagnetic energy in desired 
directions. Antennas match radio-frequency systems to space. All antennas may 
be used to receive or radiate energy. Antennas transmit or receive electromag- 
netic waves. Antennas convert electromagnetic radiation into electric current, or 
vice versa. Antennas transmit and receive electromagnetic radiation at radio fre- 
quencies. Antennas are a necessary part of all communication links and radio 
equipment. Antennas are used in systems such as radio and television broadcast- 
ing, point-to-point radio communication, wireless LAN, cell phones, radar, 
medical systems, and spacecraft communication. Antennas are most commonly 
employed in air or outer space but can also be operated under water, on and 
inside human body, or even through soil and rock at low frequencies for short 
distances. 


2.2 ELECTROMAGNETIC WAVES 
2.2.1 Maxwell’s Equations 

Maxwell’s equations describe how electric and magnetic fields are generated and 
altered by each other. Maxwell’s equations are a classical approximation to the more 
accurate and fundamental theory of quantum electrodynamics, see Refs. [1-8]. Quan- 
tum deviations from Maxwell’s equations are usually small. Inaccuracies occur when 
the particle nature of light is important or when electric fields are strong. Symbols and 
abbreviations are listed in Tables 2.1 and 2.2. 
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TABLE 2.1 Symbols and Abbreviations 


Dimensions 

Parameter 

Symbol 

Wb/m 

Magnetic potential 

A 

m/s 2 

Acceleration 

a 

Tesla 

Magnetic field 

B 

F 

Capacitance 

C 

V/m 

Electric field displacement 

D 

V/m 

Electric field 

E 

N 

Force 

F 

A/m 

Magnetic field strength 

H 

A 

Current 

/ 

A/m 2 

Current density 

J 

H 

Self-inductance 

L 

m 

Length 

l 

H 

Mutual inductance 

M 

C 

Charge 

q 

W/nr 

Poynting vector 

p 

W 

Power 

p 

a 

Resistance 

R 

m 3 

Volume 

V 

m/s 2 

Velocity 

V 

F/m 

Dielectric constant 

e 


Relative dielectric constant 

Sr 

H/m 

Permeability 

h 

1/12-m 

Conductivity 

a 

Wb 

Magnetic flux 

V 


TABLE 2.2 Symbols and Abbreviations 

Parameter 

Symbol 

Dimensions 

Electric field displacement 

D 

V/m 

Electric field 

E 

V/m 

Magnetic field strength 

H 

A/m 

Dielectric constant in space 

£o 

8.854-10 -12 F/m 

Permeability in space 

ho 

fi 0 = 4;r-10 -7 H/m 

Volume charge density 

Pv 

C/m 3 

Magnetic field 

B 

Tesla, Wb/m 2 

Conductivity 

a 

1/fLm 

Magnetic flux 


Wb 

Skin depth 

<5 S 

m 
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2.2.2 Gauss’s Law for Electric Fields 


Gauss’s law for electric fields states that the electric flux via any closed surface S is 
equal to the net charge q divided by the free-space dielectric constant: 


xds = 
s 


1 

«0. 


pdv= — q 
£o 


V 


D = eE 


(2.3) 


V D = p v 


2.2.3 Gauss’s Law for Magnetic Fields 

Gauss’s law for magnetic fields states that the magnetic flux via any closed surface S is 
equal to zero. There is no magnetic charge in nature: 


xds = 0 

s 

B = pH 


¥ m = 

s 

VB = 0 


Bxds 


(2.4) 


2.2.4 Ampere’s Law 


The original "Ampere’s law’’ stated that magnetic fields can be generated by electrical 
current. Ampere’s law has been corrected by Maxwell who stated that magnetic fields 
can be generated also by time -variant electric fields. The corrected “Ampere’s law” 
shows that a changing magnetic field induces an electric field and also a time-variant 
electric field induces a magnetic field: 


, B 

cp — x dl - 
do 


Jxds+ — 
dt 


eqE x ds 


c 


VXH=J+ 


d D 
dt 


J = (7 E 


1 = 


Jxds 


(2.5) 


2.2.5 Faraday’s Law 

Faraday ’ s law describes how a propagating time-varying magnetic field through a sur- 
face S creates an electric field, as shown in Figure 2.1: 
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2.2.6 Wave Equations 

The variation of electromagnetic waves as function of time may be written as e' m . The 
derivative as function of time is jwe ,mt . Maxwell’s equations may be written as 


VXE = -jcouH 

(2.7) 

VXH ={a + jcoe)E 

A XX (curl) operation on the electric field E results in 

VXVXE = -jco/iS/XH (2.8) 

By substituting the expression of VXH in equation, we get 

VXVXE = -ja>iA((j+jme)E (2.9) 

VXVXE = - V 2 E + V(V -E) (2.10) 

In free space there are no charges so V • E = 0. We get the wave equation for elec- 
tric field: 


V 2 E= jm\i [a + jwe)E = y 2 E 
7= \Jj<-'W{o+joje)=a+j[j 


( 2 . 11 ) 


where y is the complex propagation constant, a represents losses in the medium, and jl 
represents the wave phase constant in radian per meter. If we follow after the same 
procedure on the magnetic field, we will get the wave equation for the magnetic field: 
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n Dn2 



V 2 // = jojfi(o + jwe)H = y 2 H 


( 2 . 12 ) 


The law of conservation of energy imposes boundary conditions on the electric and 
magnetic fields. When an electromagnetic wave travels from medium 1 to medium 2, 
the electric and magnetic fields should be continuous as presented in Figure 2.2. 
General boundary conditions: 


nx(D 2 -Di)=p s (2.13) 

n x (B 2 -B\) =0 (2.14) 

(E 2 -E l )xn = M s (2.15) 

n x (H 2 -H\) =Js (2.16) 

Boundary conditions for dielectric medium: 

nx(D 2 -D 1 )=0 (2.17) 

nx(fi 2 -Si) = 0 (2.18) 

(E 2 -Ei)xn = 0 (2.19) 

nx =0 (2.20) 

Boundary conditions for conductor: 

nx(D 2 -D l )=p s (2.21) 

nx(B 2 -Bi)= 0 (2.22) 

(£ 2 -£i)xn = 0 (2.23) 

nx(H 2 -H 1 )=J s (2.24) 

The condition for good conductor is a we: 


7 = 


sJjwp(o+jwe) 


= «+y/i«(l +j) 



(2.25) 
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<5 S = 



(2.26) 


The conductor skin depth is given as <5 S . The wave attenuation is a. 


2.3 TRANSMISSION LINES 


Transmission lines are used to transfer electromagnetic energy from one point to 
another with minimum losses over a wideband of frequencies [1—8]. There are three 
major types of transmission lines: transmission lines with a cross section that is very 
small compared to wavelength on which the dominant mode of propagation is the 
transverse electromagnetic (TEM) mode, closed rectangular and cylindrical conduct- 
ing tubes on which the dominant modes of propagation are the transverse electric (TE) 
mode and transverse magnetic (TM) mode, and open boundary structures with cross 
section greater than 0. 12 that may support surface wave mode of propagation. 

For TEM modes E z — H z = 0. For TE modes E z = 0. For TM modes H. = 0. 

Voltages and currents in transmission lines may be derived by using the transmis- 
sion line equations. Transmission line equations may be derived by employing 
Maxwell's equations and the boundary conditions on the transmission line 
section shown in Figure 2.3. Equation 2.27 is the first lossless transmission line equa- 
tion. l e is self-inductance per length: 


dV_ 

3Z~ 

3 / 

3Z 


l U= -l d ± 

3r e 3 1 

dV v 

- c 3T* y 


(2.27) 

(2.28) 


Equation 2.28 is the second lossless transmission line equation, 



F/m: 


AG , 
* = AZ m/a 


Ai// m 



O 

G 

CL 


1 

0 

+ 

~Z 

1 

■ 

4 

3 , 

(+) + 

. (+) 


A Z 


Z 


dV 

V + A Z 

dZ 


A Wm 

1' ' 

s 3 

O 

O 

(I 

A 



> 

( 

+ 

AZ 

y l+) 

( +) 

1 + 


)- 

dl 

dZ 


- AZ 


FIGURE 2.3 Transmission line geometry. 
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Equation 2.29 is the first transmission line equation with losses: 


3v 3 i 

- 5 - = R' + L^~ 
3 z 3 1 


(2.29) 


Equation 2.30 is the second transmission line equation with losses: 

di r . 

~dz =GV + C dt 

where c= ^M F / m H/m R=- = — Mfi/m 

A Z 7 AZ ' G AZ ' 


(2.30) 


By differentiating Equation 2.29 with respect to z and by differentiating 
Equation 2.30 with respect to t and adding the result, we get 


3v 


3v 


3 v 


. — RGv + ( R C + LG ) — + LC , 


3 z 


3 r 


(2.31) 


By differentiating Equation 2.30 with respect to z and by differentiating 
Equation 2.29 with respect to t and adding the result, we get 


3 2 -' 


3 2 -' 


v, i , ,3 z d i 

— ^ = RGi + (RC + LG)-+LC— 
dz 2 3 1 3 r 2 


(2.32) 


Equations 2.31 and 2.32 are analog to the wave equations. The solution of these 
equations is a superposition of a forward wave, +z, and a backward wave, —z: 


vfe,)=v.(.-() + r-(,A) 

/M = rc{v.(,-5)-v.(, + 5)} 


(2.33) 


where K 0 is the characteristic admittance of the transmission line K () = 1/Zb. 

The variation of electromagnetic waves as function of time may be written as e ,aJl . 
The derivative as function of time is jwe ,a,t . By using these relations we may write 
phasor transmission line equations: 


dV 
~dZ 
di 
dZ. 
d 2 V 
dz 2 
d 2 I 
dz 2 


= —ZI 


= -YV 


=r 2 v 

=r 2 i 


(2.34) 
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where 

Z = R+jmL Q/m 

Y = G+jcoC m/Q (2.35) 

y = a+jP=\/ZY 


The solution of the transmission line equations in harmonic steady state is 


v(z,t)=ReV(z)e' wt 
i(z,t) =ReI(z)e jwr 

V{z) = V + e~ rz +V-e yz 
I {z)=l + e~ rz +I-e YZ 


For a lossless transmission line, we may write 


dV 

~dZ 

dl 

~dZ 

d 2 V 

dz 2 

d 2 I 

dz 2 


= —jcoLI 
= -jcoCV 
= -orLCV 

= -arLCI 


(2.36) 

(2.37) 


(2.38) 


The solution of the lossless transmission line equations is 


V(z)=e> w, (V + e- j(lz + V-e’ fiz ) 

I(z) = Y 0 (e' ,ot (V + e- jf)z -V-e iflz )) 

w 1 1 

Vp- /? ~ VlC~ 

where v p is the phase velocity. 

= R+ = V- j{R+j(oL) 

° h 1- y {G+jcoC) 
For R = 0 G = 0 

= Zi = Zz = fL 

0 i + /_ V c 


(2.39) 


(2.40) 


where Z 0 is the characteristic impedance of the transmission line. 
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2.3.1 Waves in Transmission Lines 

A load Z L is connected, at z = 0, to a transmission line with impedance Z 0 .The voltage 
on the load is Vl. The current on the load is 7 l, see Figure 2.4. 


V(0) = V L =/(0)-Z L 
/(0)=/ l 

For z = 0 we can write 


v(o)= 7(0) -z L = y + +y_ 
7(o) = y 0 (v + -v_) 


By substituting 7(0) in WO), we get 


Zl-Zq 


v + +v_ 
(v + -v.) 


Zl = Zq 


1+(F-/F + ) 

1-(V_/V + ) 


The ratio V-/V+ is defined as reflection coefficient, Tl = V-/V + : 

i+r L 

Zl=z °T~t l 

_ (Zl/Z 0 )- 1 
L (Z L /Z 0 ) + l 

The reflection coefficient as function of z may be written as 


V V 

r(z) = — = — — ^ = r h e 2jl>z 
y 1 y + V + e~ jflz 


(2.41) 


(2.42) 


(2.43) 


(2.44) 

(2.45) 


(2.46) 


7fcf) 


gin (-/) 

vfco 



Z=-7 


Transmission line-Z 


0 


Z=0 


FIGURE 2.4 Transmission line with load. 
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The input impedance as function of z may be written as 

V(z)_ V + e-^ + V-^ z 

m[Z) I(z) (V + e-to-V-e»*)Yo 
l+r L e Wz 
=z »Ur^ 

7 (_, ]=z cosPl+j(Zo/Z L )sm/}l 
ln L cos/i/+y'(Z L /Zo)sin/?/ 


(2.47) 


(2.48) 


The voltage and current as function of z may be written as 

V{z) = V + e- jfiz {l+r(z)) 

I(z) = Y 0 V + e- jl>z (l-r{z)) 


(2.49) 


The ratio between the maximum and minimum voltage along a transmission line is 
called voltage standing wave ratio (VSWR) S: 


V(z)max _ 1 + |r(z)| 
V(z)min 1 — |F(z)| 


(2.50) 


2.4 MATCHING TECHNIQUES 

Usually in communication systems the load impedance is not the same as the imped- 
ance of commercial transmission lines. We will get maximum power transfer from 
source to load if impedances are matched, see Refs. [1-8]. A perfect impedance match 
corresponds to a VSWR 1 : 1. A reflection coefficient magnitude of zero is a perfect 
match: a value of 1 is perfect reflection. The reflection coefficient (T ) of a short circuit 
has a value of -1 (1 at an angle of 180°). The reflection coefficient of an open circuit 
is one at an angle of 0°. The return loss of a load is merely the magnitude of the 
reflection coefficient expressed in decibels. The correct equation for return loss 
is return loss = -20 x log [mag(r)]. 

For a maximum voltage V m in a transmission line, the maximum power will be 

V 2 

F max = ^ (2.51) 

A) 

For an unmatched transmission line, the maximum power will be 

(Hrf)U 

r max ry 

Vmax=(l + |r|)V + (2-52) 


+ ( 1 + l r l ) 2 
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i _ in v 2 v 2 

p _ I I max _ max 

max “ 1 + |r| ' z 0 ” vswr-Zo 

A 2 : 1 VSWR will result in half of the maximum power transferred to the load. The 
reflected power may cause damage to the source. 

Equation 2.47 indicates that there is a one-to-one correspondence between the 
reflection coefficient and input impedance. A movement of distance z along a trans- 
mission line corresponds to a change of e~ 2 ^ )z , which represent a rotation via an angle 
of 2/?z. In the reflection coefficient plane, we may represent any normalized imped- 
ance by contours of constant resistance, r, and contours of constant reactance, x. The 
corresponding impedance moves on a constant radius circle via an angle of 2 f)z to a 
new impedance value. Those relations may be presented by a graphical aid called 
Smith chart. Those relations may be presented by the following set of equations: 


r L = 

z(l) = 

r L = 


(Z L /Z 0 )-1 
(Z L /Z 0 ) + 1 
Zl 
Z 0 

r+jx- 1 


: r +jx 


r + jx + 1 


p +jq 


Zo 


i+r(z) 


i-r(z) 

r(z) = u +jv 
l+u+jv 


■■ r +JX 


1 - 


u-jv 


= r+jx 


( r \ 2 2 1 

u- , +v = ^ 

V 1 + r) (1+r) 2 

(m - i)2+ (H) 4 


(2.54) 


(2.55) 


(2.56) 


Equation 2.56 presents two families of circles in the reflection coefficient plane. 
The first family is contours of constant resistance, r , and the second family is contours 
of constant reactance, x. The center of the Smith chart is /■ = 1 . Moving away from the 
load corresponds to moving around the chart in a clockwise direction. Moving away 
from the generator toward the load corresponds to moving around the chart in a coun- 
terclockwise direction, as presented in Figure 2.5. A complete revolution around the 
chart in a clockwise direction corresponds to a movement of half wavelength away 
from the load. The Smith chart may be employed to calculate the reflection coefficient 
and the input impedance for a given transmission line and load impedance. If we are at 
a matched impedance condition at the center of the Smith Chart, any length of trans- 
mission line with impedance Z 0 does nothing to the input match. But if the reflection 
coefficient of the network (Sn) is at some nonideal impedance, adding transmission 
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(a) 



(b) 



(c) 



FIGURE 2.5 (a) R circles, (b) X circles, and (c) the Smith chart. 


line between the network and the reference plane rotates the observed reflection coef- 
ficient clockwise about the center of the Smith chart. Further, the rotation occurs at a 
fixed radius (and VSWR magnitude) if the transmission line has the same character- 
istic impedance as the source impedance Z 0 . Adding a quarter wavelength means a 
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180° phase rotation. Adding one quarter wavelength from a short circuit moves 
us 180° to the right side of the chart to an open circuit. 

2.4.1 The Smith Chart Guidelines 

The Smith chart contains almost all possible complex impedances within one circle: 

• The Smith chart horizontal centerline represents resistance/conductance. 

• Zero resistance is located on the left end of the horizontal centerline. 

• Infinite resistance is located on the right end of the horizontal centerline. 

• Horizontal centerline is the resistive/conductive horizontal scale of the chart. 

Impedances in the Smith chart are normalized to the characteristic impedance 
of the transmission line and are independent of the characteristic impedance of 
the transmission. 

• The center of the line and also of the chart is 1 .0 point, where R = Zq or G = To- 
At point r= 1.0, Z = Zq and no reflection will occur. 


2.4.2 Quarter-Wave Transformers 

A quarter-wave transformer may be used to match a device with impedance Zl to a 
system with impedance Zq, as shown in Figure 2.6. A quarter-wave transformer is a 
matching network with bandwidth somewhat inversely proportional to the relative 
mismatch we are trying to match. For a single-stage quarter-wave transformer, the 
correct transformer impedance is the geometric mean between the impedances of 
the load and the source. If we substitute to Equation 2.47 1 = 1/4, p = 2n/X we get 


z(-0 

Z(-Z) 


(Z l /Zq2)cos/?(2/4) +j sin/?(2/4) 
cos/?(2/4) +j (Zl / Z 02 ) sin /J (2/4) 
Zq\ _ Z 02 
Z 02 Z l 


Z 02 

Zl 


(2.57) 


We will achieve matching when 

Z 02 = \/Z L Zoi (2.58) 

For complex Z L values Z 02 also will be complex impedance. However, stand- 
ard transmission lines have real impedance values. To match a complex 



Transmission line-Zj L = 2/4-Z 2 Z=0 


FIGURE 2.6 Quarter-wave transformer. 
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Z\= R+ jX, we transform Zl to a real impedance Z\ t -jX to Z L . Connecting a capacitor 
-jX to Z L is not practical at high frequencies. A capacitor at high frequencies has par- 
asitic inductance and resistance. A practical method to transform Z L to a real imped- 
ance Z L i is to add a transmission line with impedance Zq and length 1 to get a real 
value Z L1 . 


2.4.3 Wideband Matching: Multisection Transformers 

Multisection quarter-wave transformers are employed for wideband applications. 
Responses such as Chebyshev (equiripple) and maximally flat are possible for multi- 
section transformers. Each section brings us to intermediate impedance. In four 
section transformers from 25 to 50 Q., intermediate impedances are chosen by using 
an arithmetic series. For an arithmetic series the steps are equal, A Z = 6.25 Q, so the 
impedances are 31.25, 37.5, and 43.75 Q. Solving for the transformers yields 
Zi =27.951, Z 2 = 34.233, Z 3 =40.505, and Z 4 = 46.771 Q.. A second solution to multi- 
section transformers involves a geometric series from impedance Z L to impedance Z s . 
Here the impedance from one section to the next adjacent section is a constant ratio. 


2.4.4 Single-Stub Matching 

A device with admittance Y L can be matched to a system with admittance Y 0 by using a 
shunt or series single stub. At a distance / from the load, we can get a normalized 
admittance Tj n = 1 + jB. By solving Equation 2.59 we can calculate /: 


Y(l) = 


1 +;( z l/ z q) tan/?/ 
(Z L /Z 0 ) +./' tan/9/ 


(2.59) 


At this location we can add a shunt stub with normalized input susceptance —j B to 
yield T; n = 1 as presented in Equation 2.60. K m = I represents a matched load. The stub 

can be short-circuited line or open-circuited line. The susceptance B is given in 
Equation 2.60: 

Y = 1 +jB 

_ in _ 

Yin = ~jB ( 2.60) 

B = ctgpi x 


The length /] of the short-circuited line, as shown in Figure 2.7, may be calculated 
by solving Equation 2.61: 


Im 


1 +J % Vdn P l 

^h+j tan/?/ 


= ctgfih 


(2.61) 
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Shunt stub-/ 


Transmission line-Z 0 


FIGURE 2.7 Single-stub matching. 


2.5 COAXIAL TRANSMISSION LINE 

A coax transmission line consists of two round conductors in which one completely 
surrounds the other, with the two separated by a continuous solid dielectric [1-6]. 
The desired propagation mode is TEM. The major advantage of coax over microstrip 
line is that the transmission line does not radiate. The disadvantage is that coax lines are 
more expensive. Coax lines are usually employed up to 18 GHz. Coax lines are highly 
expensive at frequencies higher than 18 GHz. To obtain good performance at higher 
frequencies, small diameter cables are required to stay below the cutoff frequency. 
Maxwell’s laws are employed to compute the electric and magnetic fields in the coax 
transmission line. Cross section of the coaxial transmission line is shown in Figure 2.8: 


( )E-ds = — pdv = — q 

£oJ £o 

S V 


(2.62) 



b 


b 


2 nre 2 ne a 



(2.63) 


a 


a 


Ampere’s law is employed to calculate the magnetic field: 

c )Hdl = 2jirH,p = I 



(2.64) 


b b 



(2.65) 


a 


a 



I 2k a 
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Outer conductors 

< — 

Inner conductors 


FIGURE 2.8 Coaxial transmission line. 


TABLE 2.3 Industry-Standard Coax Cables 


Cable Type 

Outer Diameter (Inches) 

2b (Inches) 

2 a (Inches) 

Zo(Q) 

fc (GHz) 

RG-8A 

0.405 

0.285 

0.089 

50 

14.0 

RG-58A 

0.195 

0.116 

0.031 

50 

35.3 

RG-174 

0.100 

0.060 

0.019 

50 

65.6 

RG-196 

0.080 

0.034 

0.012 

50 

112 

RG-214 

0.360 

0.285 

0.087 

50 

13.9 

RG-223 

0.216 

0.113 

0.037 

50 

34.6 

SR-085 

0.085 

0.066 

0.0201 

50 

60.2 

SR- 141 

0.141 

0.1175 

0.0359 

50 

33.8 

SR-250 

0.250 

0.210 

0.0641 

50 

18.9 


The power flow in the coaxial transmission line may be calculated by using the 
Poynting vector: 

P=(ExH)xn = EH 
VI 


P = 


W-- 


2nr 2 -,\n(b / a) 

b 

Pxds = 


( 2 . 66 ) 


VI 


2nr 2 \\\\(b/ a) 


2nrdr = VI 


Table 2.3 presents several industry-standard coax cables. The cable dimensions, 
cable impedance, and cable cutoff frequency are given in Table 2.3. RG cables are 
flexible cables. SR cables are semirigid cables. 


2.5.1 Cutoff Frequency and Wavelength of Coax Cables 

f c — cutoff frequency 

The criterion for cutoff frequency is that the circumference at the midpoint inside 
the dielectric must be less than a wavelength. Therefore the cutoff wavelength for the 
TE 01 mode is 2 C = n[a + b)- s /JTfe~ l . 
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2.6 MICROSTRIP LINE 

Microstrip is a planar printed transmission line. Microstrip is the most popular RF 
transmission line over the last 20 years [3, 7]. Microstrip transmission lines consist 
of a conductive strip of width “W” and thickness “f and a wider ground plane, sepa- 
rated by a dielectric layer of thickness “H.” In practice, microstrip line is usually made 
by etching circuitry on a substrate that has a ground plane on the opposite face. Cross 
section of the microstrip line is shown in Figure 2.9. The major advantage of micro- 
strip over stripline is that all components can be mounted on top of the board. The 
disadvantage is that when high isolation is required such as in a filter or switch, some 
external shielding is needed. Microstrip circuits may radiate, causing unintended cir- 
cuit response. Microstrip is dispersive, meaning that signals of different frequencies 
travel at slightly different speeds. Other microstrip line configurations are offset stri- 
pline and suspended air microstrip line. For microstrip line not all of the fields are 
constrained to the same dielectric. At the line edges the fields pass via air and dielectric 
substrate. The effective dielectric constant should be calculated. 


2.6.1 Effective Dielectric Constant 


Part of the fields in the microstrip line structure exists in air and the other part of the 
fields exists in the dielectric substrate. The effective dielectric constant is somewhat 
less than the substrate’s dielectric constant. 

The effective dielectric constant of the microstrip line is calculated by 


e r + 1 e r — 1 

e, = —— + —— 


o<> 

■♦OrW'-GT' 


(2.67a) 


For (s) 2 1 


(2.67b) 


e r + 1 e r — 1 

; 1 ; — 


' + < 


- 0.5 


2 


2 
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This calculation ignores strip thickness and frequency dispersion, but their effects 
are negligible. 


2.6.2 Characteristic Impedance 


The characteristic impedance Z 0 is a function of the ratio of the height to the width 
WIH of the transmission line and also has separate solutions depending on the value 
of WIH. The characteristic impedance Z 0 of microstrip is calculated by 


For 



<1 




' H 

+ 0.25[ — 
W 


Q 


(2.68a) 


Z 0 = 



For 


fw 


\20jt 


>1 


Q 


H \ 

+ 1.393 + 0.66 x In ( — + 1.444 j 


(2.68b) 


We can calculate Z 0 by using Equation 2.68 for a given (WIH). Flowever, to cal- 
culate (WIH) for a given Z 0 , we first should calculate e e . However, to calculate e e we 
should know (WIH). We first assume that e e = e T and compute (WIH) for this value of 
( Willy, we compute e e . Then we compute a new value of (WIH). Two to three itera- 
tions are needed to calculate accurate values of (WIH) and e e . We may calculate (WIH) 
with around 10% accuracy by using Equation 2.69: 


/ p42A\/( e i+l) _ 1 

[7 + (4/e r )l 

+ 

1 + (i/g) 

/ L J 

11 


0.81 


gA2A — 1 


(2.69) 


2.6.3 Higher-Order Transmission Modes in Microstrip Line 

In order to prevent higher-order transmission modes, we should limit the thickness of 
the microstrip substrate to 10% of a wavelength. The cutoff frequency of the higher- 
order transmission mode is given as f c = 4H ),_y 

Examples: Higher-order modes will not propagate in microstrip lines printed 
on alumina substrate 15 mil thick up to 18 GHz. Higher-order modes will not 
propagate in microstrip lines printed on GaAs substrate 4 mil thick up to 80 
GHz. Higher-order modes will not propagate in microstrip lines printed on quartz 
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TABLE 2.4 Examples of Microstrip Line Parameters 


Substrate 

WIH 

Impedance (X2) 

Alumina (e r = 9.8) 

0.95 

50 

GaAs (e r = 12.9) 

0.75 

50 

e r = 2.2 

3 

50 


substrate 5 mil thick up to 120 GHz. Examples of microstrip line parameters are 
listed in Table 2.4. 


2.6.4 Losses in Microstrip Line 

Losses in microstrip line are due to conductor loss, radiation loss, and dielectric loss. 

2.6.5 Conductor Loss 

Conductor loss may be calculated by using Equation 2.70: 

a c - 8 .686 log ( S ) dB /length 

a \(2WZ 0 )J ' e (2.70) 

Rs = 'Jnff.ip skin resistance 

Conductor losses may also be calculated by defining an equivalent loss tangent <5 C , 
given by <5 C = j where <5 S = \J~ j C0 R a an d where a is the strip conductivity, h is 
the substrate height, and p is the substrate permeability. 


2.6.6 Dielectric Loss 

Dielectric loss may be calculated by using Equation 2.7 1 : 


aj = 27.3 


G fc'c u 1 

\J ^eff G — 1 4) 


dB/cm 


tgS = dielectric loss coefficent 


(2.71) 


Losses in microstrip lines are presented in Tables 2.5, 2.6, and 2.7 for several 
microstrip line structures. For example, total loss of a microstrip line presented in 
Table 2.6 at 40 GHz is 0.5dB/cm, and total loss of a microstrip line presented in 
Table 2.7 at 40 GHz is 1.42dB/cm. We may conclude that losses in microstrip lines 
limit the applications of microstrip technology at mm-wave frequencies. 




MATERIALS 


39 


TABLE 2.5 Microstrip Line Losses for Alumina Substrate 10 mil Thick" 


Frequency (GHz) 

Tangent Loss (dB/cm) 

Metal Loss (dB/cm) 

Total Loss (dB/cm) 

10 


-0.12 


20 


-0.175 


30 

-0.014 



40 

-0.02 

-0.25 

-0.27 


“ Line parameters. Alumina. H = 254 pm (10 mils), W = 247 pm, e r = 9.9, tan°(5 = 0.0002, 3 pm gold, con- 
ductivity 3.5E7 mhos/m. 


TABLE 2.6 Microstrip Line Losses for Alumina Substrate 5 mil Thick" 


Frequency (GHz) 

Tangent Loss (dB/cm) 

Metal Loss (dB/cm) 

Total Loss (dB/cm) 

10 


-0.23 

-0.23 

20 


-0.333 

-0.34 



-0.415 

-0.43 


-0.018 

-0.483 

-0.5 

a Alumina, H=\21 [im (5 mils), W = 120 [im, e r - 
mhos/m. 

9.9, tan 0 5 = 0.0002, 3 pm gold, conductivity 3.5E7 


TABLE 2.7 

Microstrip Line Losses for GaAs Substrate 2mil Thick 

a 

Frequency (GHz) 

Tangent Loss (dB/cm) 

Metal Loss (dB/cm) 

Total Loss (dB/cm) 

10 


-0.010 

-0.66 

-0.67 



-0.02 

-0.96 

-0.98 



-0.03 

-1.19 

-1.22 



-0.04 

-1.38 

-1.42 


“ GaAs, H = 50 pm (2 mils), IT = 34 pm, e r = 12.88, tan 0 <5 = 0.0004, 3 pm gold, conductivity 3.5E7 mhos/m. 


2.7 MATERIALS 

In Table 2.8 hard materials are presented. Alumina is the most popular hard substrate 
in microwave integrated circuits (MICs). Gallium arsenide is the most popular hard 
substrate in monolithic microwave integrated circuit (MIMIC) technology at micro- 
wave frequencies. 

In Table 2.9 soft materials are presented. Duroid is the most popular soft sub- 
strate in MIC circuits and in printed antenna industry. Dielectric losses in duroid 
are significantly lower than dielectric losses in FR4 substrate. However, the cost 
of FR4 substrate is significantly lower than the cost of duroid. Commercial MIC 
devices use usually FR4 substrate. Duroid is the most popular soft substrate used 
in the development of printed antennas with high efficiency at microwave 
frequencies. 
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Manufacturer Symbol or Dielectric Dielectric Density Conductivity Thermal Expansion 

and Material Formula Constant (e r ) Constant Tan S (g/cm 3 ) (W/m A° C) (ppm/A° C x/ylz) 
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Waveguide 



FIGURE 2.10 Rectangular waveguide structure. 


2.8 WAVEGUIDES 


Waveguides are low-loss transmission lines. 

Waveguides may be rectangular or circular. Rectangular waveguide stmcture is pre- 
sented in Figure 2.10. Waveguide structure is uniform in the z direction. Fields in wave- 
guides are evaluated by solving the Helmholtz equation. Wave equation is given in 
Equation 2.72. Wave equation in rectangular coordinate system is given in Equation 2.73: 


V 2 £ = ai 2 fjeE = -k 2 E 

V 2 H = co 2 \ieEL = -]cEl 

co 2n 

k = cojja = — = — 

v V A 


„ 2r , d 2 E t d 2 Ei d 2 E, , „ 


V 2 H = 


d~H: d 2 H: d~H: 


dx 2 dy 2 


dz 


+ k 1 H i = 0 


(2.72) 


(2.73) 


The wave equation solution may be written as E =f(z)g(x,y). Field variation in the 
Z direction may be written as e~^ z . The derivative of this expression in the direction 
may be written as Maxwell’s equation may be presented as written in 

Equations 2.74 and 2.75. A field may be represented as a superposition of waves 
in the transverse and longitudinal directions: 

E(x,y,z) = e[x,y)e~$ z + e z (x,y)e~ j ^ z 
H(x,y,z) = h{x,y)e~^ z + h z (x,y)e~^ z 
WXE = (V, -jfia z ) x [e + e z )e~^ z = -jcon(h + h z )e~^ z 
V, x e-jf)a z x e + V, x e z -j/3a z x e z = -ja>fi(h + h z ) 
a : xe z = 0 
V, x e = -jcofih z 

-jPa z x e + V, x e z = —a z x V,e,-y/?a, x e = -jco^ih 


(2.74) 
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V , x h = -jwee z 
j a z xh = -jcoee 

V x [aH = (V ,-jf)a z ) x (h + h z )fie~^ z = 0 

V ,xh -jf)a z x h z = 0 
Vxe£ = 0 V t xe-jf}a z xe z = 0 

Waves may be characterized as TEM, TE, or TM waves. In TEM waves e z = h- = 0. 
In TE waves e- = 0. In TM waves h~ = 0. 


(2.75) 

(2.76) 


2.8.1 TE Waves 


In TE waves e z = 0. h z is given as the solution of Equation 2.77. The solution to 
Equation 2.77 may be written as h z =f(x)g(y ): 


t , 3 h z d"hr l9l 

W ' hz= *? + w c z 


(2.77) 


By applying /?; =.f(x)g(y) to Equation 2.77 and dividing by fg, we get 
Equation 2.78: 


r 

/ 


— +k;=o 


(2.78) 


where/is a function that varies in the x direction and g is a function that varies in the y 
direction. The sum of /and g may be equal to zero only if they are equal to a constant. 
These facts are written in Equation 2.79: 


r 

k 2 x +k 2 y =kl 


-k: 


(2.79) 


The solutions for/and g are given in Equation 2.80. A it A 2 , B i, B 2 are derived by 
applying h z boundary conditions to Equation 2.78: 


/ = A i co s k x x + A 2 sin k x x 
g = B\ cos k y y + B 2 sin k y y 


(2.80) 


h z boundary conditions are written in Equation 2.81: 


dh z 


= 0 


at x = 0 ,a 


uu-7 

=0 at y = 0,b 
dy 


(2.81) 
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By applying h- boundary conditions to Equation 2.80, we get the relations written 
in Equation 2.82: 


- k x A i sin k x x + k x A 2 cos k x x = 0 
-k y B\ sin k y y + k y B 2 cos k y y = 0 


o 

II 

CM 

O 

II 

Q 

K = 

nn 

a 

n = 0,1,2 

b 2 = o 

kyb = 0 

ky — 

mn 

b 

/» = 0,1,2 


The solution for h z is given in Equation 2.83: 

nnx mnx 

h z =A nm cos cos — - J - 

a b 


n = m n = 0,1,2 m = 0,1,2 



(2.82) 


(2.83) 


Both n and m cannot be zero. The wavenumber at cutoff is k c and depends on the 

waveguide dimensions. The propagation constant y mn is given in Equation 2.84: 


Y nm jfinm j ) 



(2.84) 


For A'o > k c nm , p is real and wave will propagate. For ko < £ c ,„„, p is imaginary and 
the wave will decay rapidly. Frequencies that define propagating and decaying waves 
are called cutoff frequencies. We may calculate cutoff frequencies by using 
Equation 2.85: 


f ~—k - — 

Jc,nm ^ A -c,nm ^ 

In In 



(2.85) 


For a = 2 cutoff wavelength is computed by using Equation 2.86: 


2 ab 2 a 

[n 2 b 2 + mra 2 ] [i n 2 + 4m 2 ] 

/l Cj io = 2 a 2 c ,oi =ct Ac, ii = 2a/\/5 


1/2 


C 

2 a 


(foi) 


c 

a 


(2.86) 
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c c 

For — (foi)- the dominant is TE 10 . 

2 a a 

By using Equations 2.74-2.76 we can derive the electromagnetic fields that prop- 
agate in the waveguide as given in Equation 2.87: 


nnx mny + , 

s me / 7 -Jynm <■ 


H, = A„ m cos cos — L r 

a b 


. nnx mny +m . 

in me g—Jynm <- 


H x = ±j >m ^ nm A nm sin— cos 

ak c,nm a b 

mn(i nm nnx . mny +iB 

Hy = ±j—p^A mn cos sin— ±e ±jl> - z 

bk ln,n a b 

„ _ mnB„ m A nnx . mny . _ 

Ex = z h , „mj — A nm cos sin — — e ~ ]P ™ Z 

a fj 


bk lnm 


jZh,r 


nn(l 


cik- 

c ,nm 


nm . nnx mny +w 
A nm sin cos — ~—e ± ^ nmZ 


(2.87) 


C x k 0 [fin 

The impedance of the nm modes is given as = — = . / — . 

by ftnm V ^0 

The power of the nm mode is computed by using the Poynting vector calculation as 
shown in Equation 2.88: 


a b 

r r 


a b 


Pnm =0.5 Re 


ExH* -a z dxdy = 0.5Re Z/,., 


(H y H*+H x H;)dxdy 


00 


00 


2 nnx . 2 mny ab 

cos" sin — — dxdy = — n f= 0 

a b 4 

ob 

ab 

or — n or m = U 
2 

P _ \A nm \ ( Pnm\ ry 
* nm ~ l . Z-/h 


( 2 . 88 ) 




coh = 1 , n = 0 £o» = 2 , n > 0 


The TE mode with the lowest cutoff frequency in rectangular waveguide is TE 10 . 
TE 10 fields in rectangular waveguide are shown in Figure 2.11. 


2.8.2 TM Waves 

In TM waves h z = 0. e z is given as the solution of Equation 2.89. The solution to 
Equation 2.13 may be written as e z =f(x)g(y). e z should be zero at the metallic walls. 
e z boundary conditions are written in Equation 2.90. The solution for e z is given in 
Equation 2.9 1 : 
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a 2 - 


a 2 - 


_ e, d e 7 , 0 

a? + a7 + cCz = 


e z — 0 a/ x = 0, a 
e z -0 at y-0 ,b 

nnx mny 

e z =A n m sin sin— 

a b 

n = m^0 n = 0,1,2 m = 0,1,2 



(2.89) 

(2.90) 

(2.91) 


The first propagating TM mode is TM n n=m =i- By using Equations 2.74-2.76, 
and 2.89, we can derive the electromagnetic fields that propagate in the waveguide 
as given in Equation 2.92: 


. nnx . mny +j * 

E~ = sin sin 

a b 

nn/J nm nnx . mny ±jp 

E x = -j — ^ — cos sin e - -"™ 4 

ak~ a b 

c ,nm 

„ .mn/J nm . nnx mny +jB 
E '' = ~Jl~n A ”> ” Sln cos— e -''™ 4 

bk c,nm a b 

H X = ^ 


Hv 


, -‘e, nm 

E x 


(2.92) 


The impedance of the nm modes is Z e nm = 

ko 

The TM mode with the lowest cutoff frequency in rectangular waveguide is TM] ] . 
TM n fields in rectangular waveguide are shown in Figure 2.12. 



48 


ELECTROMAGNETIC THEORY AND TRANSMISSION LINES FOR RF DESIGNERS 



2.9 CIRCULAR WAVEGUIDE 


Circular waveguide is used to transmit electromagnetic wave in circular polarization. 
At high frequencies attenuation of several modes in circular waveguide is lower than 
in rectangular waveguide. Circular waveguide structure is uniform in the z direction. 
Fields in waveguides are evaluated by solving the Helmholtz equation in cylindrical 
coordinate system. A circular waveguide in cylindrical coordinate system is presented 
in Figure 2.13. Wave equation is given in Equation 2.93. Wave equation in cylindrical 
coordinate is given in Equation 2.94: 


V 2 £ = eo 2 fieE = -k 2 E 
V 2 // = w 2 [teH = -krH 


V 2 

V 2 




II 

e 

II 

co 2 n 

v A 

1 a ( 

' dEA 

1 d 2 E / 

3 2 E i : 

rdr l 

/ dr) 

+ r 2 3 (jr + 

dz 2 7 

13 

( dH> 

\ . 1 . 

d 2 Hj 

rdr ' 

\ dr. 

) r 2 dtp 2 

dz 2 J 


i = r,(/>,z 


(2.93) 


(2.94) 


The solution to Equation 2.94 may be written as E =f{r)g(<p)h(z). By applying E 
to Equation 2.94 and dividing by f(r)g((/>)h(z), we get Equation 2.95: 


V 2 




1 d 2 g d 2 h 2 

+ — -4 + — r-r *=0 
r 2 gd(f> 2 hdz 2 


(2.95) 


where /is a function that varies in the r direction, g is a function that varies in the <p 
direction, and li is a function that varies in the z direction. The sum of/, g, and h may be 
equal to zero only if they are equal to a constant. The solution for h is written in 
Equation 2.96. The propagation constant is y g : 
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FIGURE 2.13 Circular waveguide structure. 



h=Ae r s z + Be y s z 


rj_( df\ l#g 

fdr \ dr) gd(p 2 


f-t =0 


The solution for g is written in Equation 2.98: 

gdct? 

g =A„ sin ntp + B„ com/p 


4( r l ) + ( (M2 "" ! ) /=0 

kl+r=r g 


(2.96) 

(2.97) 


(2.98) 


(2.99) 


Equation 2.99 is a Bessel equation. The solution of this equation is written in 
Equation 2.100. J„(k c r ) is a Bessel equation with order n and represents a standing 
wave. The wave varies a cosine function in the circular waveguide. N n (k c r ) is a Bessel 
equation with order n and represents a standing wave. The wave varies a sine function 
in the circular waveguide: 


f = C n J„(k c r) + D n N n (k c r) (2.100) 

The general solution for the electric fields in the circular waveguide is given in 
Equation 2.101. For r = 0N n (k c r) goes to infinity, so D n =0: 


E(r,(p,z) = (C n J n {k c r) + D n N n (k c r))(A n sin mp + B,, cos tup)e ±YsZ 


( 2 . 101 ) 
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A„ sin mp + B n cosntp = \J^l +5- cos (^n(f> + tan 1 ^ ^ = cos n(p (2. 102) 

The general solution for the electric fields in the circular waveguide is given in 
Equation 2.103: 

E(r,(f>,z)=Eo(J n (k c r))(cosn(p)e ±r ’< z If a = 0 

E(r,(p,z) =E 0 (J n (k c r))(cosn(p)e ± ^ z (2.103) 

P g =± sjariie-kl 


2.9.1 TE Waves in Circular Waveguide 

In TE waves e : = 0. H z is given as the solution of Equation 2.104. The solution to 
Equation 2.104 may be written as given in Equation 2.105: 

V 2 H z = y 2 H z (2.104) 

H z = H 0z (J n {k c r))(cosn(f>)e ±j ^ z (2.105) 

The electric and magnetic fields are solutions of Maxwell’s equations as written in 
Equations 2.106 and 2.107: 


WXE = -jw^iH (2.106) 

Vxfl=jM (2.107) 


Field variation in the z direction may be written as e k>z . The derivative of this 
expression in the direction may be written as -jfle^ kz . The electric and magnetic field 
components are solutions of Equations 2.108 and 2.109: 


_ jeon 1 (dH z \ 
k 2 r \ d(p ) 


E,p 


jay 

k l 



(2.108) 


H$ = - 


-iPg 1 

kl r 



H r = 



kl 



(2.109) 
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TABLE 2.10 Circular Waveguide TE Modes 


p 

(«=o )K P 

(.«=» Kp 

(n = 2) X' np 

(« = 3)^ 

II 

(n = 5) X' np 

1 

3.832 

1.841 

3.054 

4.201 

5.317 

6.416 

2 

7.016 

5.331 

6.706 

8.015 

9.282 

10.52 

3 

10.173 

8.536 

9.969 

11.346 

12.682 

13.987 

4 

13.324 

11.706 

13.17 





H z , H ,, and boundary conditions are written in Equation 2.110: 


dH z 

= 0 at r = a 
dr 

H, =0 at r = a 


Eip = 0 at r = a 


( 2 . 110 ) 


By applying the boundary conditions to Equation 2. 105, we get the relations writ- 
ten in Equation 2.111. The solutions of Equation 2.111 are listed in Table 2.10: 


" | r = a = Hq z (V (k c a) j (cos tup)e = 0 

J'n (kcO) = 0 


The wavenumber at cutoff is k c np . k c np depends on the waveguide dimensions. The 
propagation constant y gnp is given in Equation 2.1 12: 


r g ,np=jPg,np=j{kl-kl ) l/2 


=j 




( 2 . 112 ) 


For ko > k c ltm , ft is real and wave will propagate. For k o < k c nm , f) is imaginary and 
the wave will decay rapidly. Frequencies that define propagating and decaying waves 
are called cutoff frequencies. We may calculate cutoff frequencies by using 
Equation 2.1 13: 


= cX^p 

2 na 


(2.113) 


We get the field components by solving Equations 2.108 and 2.109. Field compo- 
nents are written in Equation 2.114: 
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H- = H 0z (^~j ^ (cos \n<p)e J ^ z 

E,/, = E Ql/) (j’ n (^~j ^ ( cos (p) e ~ jPsZ 

E r = E 0r (j H (^j j (sin 0)<T^ 

The impedance of the np modes is written in Equation 2.115: 

7 _E r _ co fi _ rj 

L ^ n p ~ it ~ n ~ f 

4 ’ Pg ’ np 


(2.114) 


(2.115) 


2.9.2 TM Waves in Circular Waveguide 

In TM waves h z = 0. e z is given as the solution of Equation 2.116. The solution to 
Equation 2.116 is written in Equation 2.117: 

V 2 E z = y 2 E z (2.116) 

E z = E 0z (J n (k c r) ) (cosn</>) e (2.117) 

The electric and magnetic fields are solutions of Maxwell’s equations as written in 
Equations 2.118 and 2.119: 


WXE = -jcopH (2.118) 

VxH=jcoeE (2.119) 

Field variation in the z direction may be written as e~^ iz . The derivative of this 
expression in the direction may be written as The electric and magnetic field 

components are solutions of Equations 2.120 and 2.121: 


Hr 


jcoe 1 
k} r 


(t) 


-jcoe 

kl 



II, 


(2.120) 
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-J/J s 1 (dE^\ 

M>) 


k 2 Q r 

-jfi* (M z 


kl V dr , 

where E r is the boundary condition written in Equation 2.122: 


E z = 0 at r = a 


( 2 . 121 ) 


( 2 . 122 ) 


By applying the boundary conditions to Equation 2. 1 17, we get the relations writ- 
ten in Equation 2.123. The solutions of Equation 2.123 are listed in Table 2.11: 


E z \(r = a) = Ho z (J n (k c a))(cosntp)e ^s z = 0 
J n (k c a) = 0 


(2.123) 


The wavenumber at cutoff is k c 


, depends on the waveguide dimensions. The 


propagation constant y gnp is given in Equation 2.124: 

r s ,np=iPg.np=j( k l- k l ) l/1 
=j 


X, 


1/2 


(2.124) 


For ko > k c nm , ft is real and wave will propagate. For k(, < k c nm , f) is imaginary and 
the wave will decay rapidly. Frequencies that define propagating and decaying waves 
are called cutoff frequencies. We may calculate cutoff frequencies by using 
Equation 2.125: 


Ann,= ^ (2.125) 

We get the field components by solving Equations 2.120 and 2.121. Field compo- 
nents are written in Equation 2.126: 


TABLE 2.11 Circular Waveguide TM Modes 


p 

n — 0, X n p 

n — 1, X n p 

n — 2,, X n p 

n — 3, X n p 

n = 4 , X np 

n — 5, X n p 

1 

2.405 

3.832 

5.136 

6.38 

7.588 

8.771 

2 

5.52 

7.106 

8.417 

9.761 

11.065 

12.339 

3 

8.645 

10.173 

11.62 

13.015 

14.372 


4 

11.792 

13.324 

14.796 
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TE] ! fields 


H 


FIGURE 2.14 TE n fields in circular waveguide. 

E z = E 0z ^ ^ (cos ntp)e- j ^ z 

H, = ^ (j n ( Xn ^ j {sinn<J>)e~ J P gZ (2.126) 

E, t = Eq,/, (^J„ ^ (sin (f))e~ jPgZ 

E r = E 0r ^J' n j (cos tp) e - jllgZ 

The impedance of the np modes is written in Equation 2.127: 

(2,i27) 

The mode with the lowest cutoff frequency in circular waveguide is TE n . 

TE n fields in circular waveguide are shown in Figure 2.14. 
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BASIC ANTENNAS FOR 
COMMUNICATION SYSTEMS 


3.1 INTRODUCTION TO ANTENNAS 

Antennas are major component in communication systems, see Refs. [1-1 1 1. Antenna 
is used to radiate efficiently electromagnetic energy in desired directions. Antennas 
match radio-frequency systems, sources of electromagnetic energy, to space. All 
antennas may be used to receive or radiate energy. Antennas transmit or receive elec- 
tromagnetic waves. Antennas convert electromagnetic radiation into electric current, 
or vice versa. Antennas transmit and receive electromagnetic radiation at radio 
frequencies. Antennas are a necessary part of all communication links and radio 
equipment. Antennas are used in systems such as radio and television broadcasting, 
point-to-point radio communication, wireless LAN, cell phones, radar, medical sys- 
tems, and spacecraft communication. Antennas are most commonly employed in air 
or outer space but can also be operated underwater, on and inside the human body, or 
even through soil and rock at low frequencies for short distances. Physically, an antenna 
is an arrangement of one or more conductors. In transmitting mode, an alternating 
current is created in the elements by applying a voltage at the antenna terminals, causing 
the elements to radiate an electromagnetic field. In receiving mode, an electromagnetic 
field from another source induces an alternating current in the elements and a corre- 
sponding voltage at the antenna’s terminals. Some receiving antennas (such as parabolic 
and hom) incorporate shaped reflective surfaces to receive the radio waves striking them 
and direct or focus them onto the actual conductive elements. 


Wideband RF Technologies and Antennas in Microwave Frequencies , First Edition. Dr. Albert Sabban. 
©2016 John Wiley & Sons, Inc. Published 2016 by John Wiley & Sons, Inc. 
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3.2 ANTENNA PARAMETERS 

Radiation pattern — A radiation pattern is the antenna-radiated field as function of 
the direction in space. It is a way of plotting the radiated power from an antenna. 
This power is measured at various angles at a constant distance from the antenna. 

Radiator — This is the basic element of an antenna. An antenna can be made up of 
multiple radiators. 

Boresight — The direction in space to which the antenna radiates maximum elec- 
tromagnetic energy. 

Range — Antenna range is the radial range from an antenna to an object in space. 

Azimuth ( Az) — This is the angle from left to right from a reference point, from 0° 
to 360°. 

Elevation (El) — El angle is the angle from the horizontal ( x , y ) plane, from -90° 
(down) to + 90° (up). 

Main beam — The main beam is the region around the direction of maximum radi- 
ation, usually the region that is within 3dB of the peak of the main lobe. 

Beamwidth — Beamwidth is the angular range of the antenna pattern in which at 
least half of the maximum power is emitted. This angular range, of the major 
lobe, is defined as the points at which the field strength falls around 3dB regard- 
ing to the maximum field strength. 

Side lobes — Side lobes are smaller beams that are away from the main beam. Side 
lobes present radiation in undesired directions. The side-lobe level is a param- 
eter used to characterize the antenna radiation pattern. It is the maximum value 
of the side lobes away from the main beam and is expressed usually in decibels. 

Radiated power — The total radiated power when the antenna is excited by a cur- 
rent or voltage of known intensity. 

Isotropic radiator — Theoretical lossless radiator that radiates, or receives, equal 
electromagnetic energy in free space to all directions. 

Directivity — The ratio between the amounts of energy propagating in a certain 
direction compared to the average energy radiated to all directions over a 
sphere: 


D P(0,(p ) maximal ^ P(6>, ^maximal 


P(0.<p) average 

1 


P{0,cp) average = 


4 n 


Prdd 


P(0,(p) sin# d0d(p = 


4 n 


Prd d 

4 n 


0Ex0H 

0E- Beamwidth in radian in EL plane 


0H - B eamwidth in radian in AZ plane 


(3.1) 

(3.2) 

(3.3) 
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Antenna effective area (/\ et f) — The antenna area that contributes to the antenna 
directivity: 


4^A e ff 


(3.4) 


Antenna gain (G) — The ratio between the amounts of energy propagating in a cer- 
tain direction compared to the energy that would be propagating in the same 
direction if the antenna were not directional, isotropic radiator, is known as 
its gain. 

Radiation efficiency (a) — The radiation efficiency is the ratio of power radiated to 
the total input power. The efficiency of an antenna takes into account losses and 
is equal to the total radiated power divided by the radiated power of an ideal 
lossless antenna: 


G = aD (3.5) 

A comparison of directivity and gain values for several antennas is given in 
Table 3.1: 


For small antennas ( / < - ) G = 


41,000 
0E° x Oil 


, , 31,000 

For medium size antennas (2 < l < 8 X)G = 


For big antennas(8i < l)G = 


0E° x (HE 
27,000 


6E ° x 0H° 


(3.6a) 

(3.6b) 

(3.6c) 


Antenna impedance — Antenna impedance is the ratio of voltage at any given 
point along the antenna to the current at that point. Antenna impedance depends 
upon the height of the antenna above the ground and the influence of surround- 
ing objects. The impedance of a quarter-wave monopole near a perfect ground is 


TABLE 3.1 Antenna Directivity versus Antenna Gain 


Antenna Type 

Directivity (dBi) 

Gain (dBi) 

Isotropic radiator 

0 

0 

Dipole 2/2 

2 

2 

Dipole above ground plane 

6^1 

6-4 

Microstrip antenna 

7-8 

6-7 

Yagi antenna 

6-18 

5-16 

Helix antenna 

7-20 

6-18 

Horn antenna 

10-30 

9-29 

Reflector antenna 

15-60 

14-58 
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approximately 36 Q. The impedance of a half-wave dipole is approxi- 
mately 75 Q. 

Phased arrays — Phased array antennas are electrically steerable. The physical 
antenna can be stationary. Phased arrays, smart antennas, incorporate active 
components for beam steering. 

Steerable antennas — These vary from arrays with switchable elements and par- 
tially mechanically and arrays with fully electronically steerable arrays (hybrid 
antenna systems). Such systems can be equipped with phase and amplitude shif- 
ters for each element, or the design can be based on digital beamforming (DBF). 
This technique, in which the steering is performed directly on a digital level, 
allows the most flexible and powerful control of the antenna beam. 


3.3 DIPOLE ANTENNA 


Dipole antenna is a small wire antenna. Dipole antenna consists of two straight con- 
ductors excited by a voltage fed via a transmission line as shown in Figure 3.1. Each 
side of the transmission line is connected to one of the conductors. The most common 
dipole is the half-wave dipole, in which each of the two conductors is approximately 
quarter wavelength long, so the length of the antenna is half wavelength. 

We can calculate the fields radiated from the dipole by using the potential function. 
The electric potential function is tp\. The electric potential function is A. The potential 
function is given in Equation 3.7: 


4>i 


4xe 0 


,j(a>t-pR) 


*-£ 


P\&_ 

R 

Igj&t-PR) 


dl 


R 


-dl 


(3.7) 



FIGURE 3.1 Dipole antenna. 
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3.3.1 Radiation from a Small Dipole 

The length of a small dipole is small compared to wavelength and is called elementary 
dipole. We may assume that the current along the elementary dipole is uniform. We can 
solve the wave equation in spherical coordinates by using the potential function given in 
Equation 3.7. The electromagnetic fields in a point P(r, 0 , (j>) are given in Equation 3.8. 

The electromagnetic fields in Equation 3.2 vary as For r<l, the dominant 

r r- r 3 

component of the field varies as l/(r) 3 and is given in Equation 3.9. These fields are 
the dipole near fields. In this case the waves are standing waves, and the energy oscil- 
lates in the antenna near zone and is not radiated to the open space. The real part of the 
Poynting vector is equal to zero. For r 3> 1 . the dominant component of the field varies 
as l/r as given in Equation 3.10. These fields are the dipole far fields: 


_ . /7// 0 sin6> / j 1 

° J>1 ° 4 nr y fir (/? r ) 2 

H «/(--/*) 
' J Anr V P r ) 

H r = 0 H e = 0 E^ = 0 

I = /o cos at 




(3.8) 


E,= 
Eg = 
H $ = 


_ IIq cos0 

J h 2 up,* 

II Q sin & c j {g, t - p r ) 


-m o 


4^/?r 3 


IIq sin 0 u w t-p r ) 
4 nr 1 


(3.9) 


„ . I pi o sm6 

,//i/ 0 sini9 

H * =J ^r e 


(3.10) 



(3.11) 


In the far fields the electromagnetic fields vary as Hr and sin 0. Wave impedance in 
free space is given in Equation 3.11. 
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3.3.2 Dipole Radiation Pattern 

The antenna radiation pattern represents the radiated fields in space at a point P(r, 9, tp) 
as function of 9,tp. The antenna radiation pattern is three-dimensional. When tp is con- 
stant and 6 vary we get the E-plane radiation pattern. When tp vary and 9 is constant, 
usually 6 = n/ 2, we get the //-plane radiation pattern. 


3.3.3 Dipole E-Plane Radiation Pattern 

The dipole E-plane radiation pattern is given in Equation 3.12 and presented in 
Figure 3.2: 


Ifilo |sin0| 

\ E o\ =r lo a-. 


(3.12) 


At a given point P(r, 0, cp ), the dipole E-plane radiation pattern is given in 
Equation 3.13: 


//?/<) | sin0| 

\E g \=r ] 0 — =A sm<9 

4 nr 

Choose A= 1 ^ 3 - 13 ) 

\E g \ = |sin#| 

Dipole E-plane radiation pattern in a spherical coordinate system is shown in 
Figure 3.3. 


3.3.4 Dipole //-Plane Radiation Pattern 

For 9 = 71/2 the dipole //-plane radiation pattern is given in Equation 3.8 and presented 
in Figure 3.4: 



FIGURE 3.2 Dipole E-plane radiation pattern. 
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FIGURE 3.3 Dipole £-plane radiation pattern in a spherical coordinate system. 



FIGURE 3.4 Dipole //-plane radiation pattern for 0 = n/2. 


\Ee\=% 


l£lo 

4 nr 


(3.14) 


At a given point P(r , 9, tp), the dipole //-plane radiation pattern is given in 
Equation 3.15: 


//3/ 0 |sin6>| 
Choose A = 1 


=A 


1^1 = 1 


(3.15) 


The dipole //-plane radiation pattern in the x—y plane is a circle with r = 1 . 

The radiation pattern of a vertical dipole is omnidirectional. It radiates equal power 
in all azimuthal directions perpendicular to the axis of the antenna. The dipole //-plane 
radiation pattern in spherical coordinate system is shown in Figure 3.4. 
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3.3.5 Antenna Radiation Pattern 

A typical antenna radiation pattern is shown in Figure 3.5. The antenna main beam is 
measured between the points that the maximum relative field intensity E decays to 
0.707E. Half of the radiated power is concentrated in the antenna main beam. The 
antenna main beam is called 3dB beamwidth. Radiation to the undesired direction 
is concentrated in the antenna side lobes. 

For a dipole the power intensity varies as (sin 2 !!). At 0 = 45° and 0 = 1 35° the 
radiated power equals to half the power radiated toward 0 = 90°. The dipole beam- 
width is 0 = (135-45) = 90°. 


3.3.6 Dipole Directivity 

Directivity is defined as the ratio between the amounts of energy propagating in a 
certain direction compared to the average energy radiated to all directions over a 
sphere as written in Equations 3.16 and 3.17: 


P{0,(p) maximal P(0,(p) maximal 
D = — 7- — -r = An- 


P(0,tp) average 


P{6, <^)average = — 
4 it 


Prad 

P(6,(p)smOd0d(p = — — 
4 K 


(3.16) 

(3.17) 


The radiated power from a dipole is calculated by computing the Poynting vector P 
as given in Equation 3.18: 


. .. 15;z7n/ 2 sin 2 # 

P = 0.5(ExH ) = 0 


r 2 A 2 


IF | = 


Pxds-- 


15/r/g/ 2 


2 n 


sin OdO 


d(J) : 


AO k 1 ill 1 


(3.18) 



FIGURE 3.5 Antenna typical radiation pattern. 
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The overall radiated energy is Wt ■ Wt is computed by integration of the power flow 
over an imaginary sphere surrounding the dipole. The power flow of an isotropic radi- 
ator is equal to Wt divided by the surrounding area of the sphere, 4 nr 2 , as given in 
Equation 3.19. The dipole directivity at 0 = 90° is 1.5 or 1.76dB as shown in 
Equation 3.20: 


2 K 


(b ds = r 


sinOdO 


d(j> = 4 nr 2 


2 ;2 


W T 1 Ott/q /• 


lso 4 nr 2 r 2 A 2 

D= = 1.5sin 2 <9 

p 

1 ISO 


G dB = 101og 10 G= 101og 10 1.5 = 1.76dB 


(3.19) 


(3.20) 


For small antennas or for antennas without losses, D = G, losses are negligible. For 
a given 6 and (j> for small antennas, the approximate directivity is given by 
Equation 3.21: 


^3dB^3dB (3-21) 

G = cl) £ = Efficency 

Antenna losses degrade the antenna efficiency. Antenna losses consist of conduc- 
tor loss, dielectric loss, radiation loss, and mismatch losses. For resonant small anten- 
nas c = 1 . For reflector and horn antennas, the efficiency varies from £ = 0.5 to £ = 0.7. 


3.3.7 Antenna Impedance 

Antenna impedance determines the efficiency of transmitting and receiving energy in 
antennas. The dipole impedance is given in Equation 3.22: 


A.td — 


2W't 

I 2 


For a dipole : R la d = 


80^ 2 / 2 


(3.22) 


3.3.8 Impedance of a Folded Dipole 

A folded dipole is a half-wave dipole with an additional wire connecting its two ends. 
If the additional wire has the same diameter and cross section as the dipole, two nearly 
identical radiating currents are generated. The resulting far-field emission pattern is 
nearly identical to the one for the single-wire dipole described in Equation 3.10, 
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but at resonance its feed point impedance /? ra d-f is four times the radiation resistance 
of a dipole. This is because for a fixed amount of power, the total radiating current I 0 is 
equal to twice the current in each wire and thus equal to twice the current at the feed 
point. Equating the average radiated power to the average power delivered at the feed 
point, we obtain that /? ra d-f = 4 /^, a< i = 300 Q. The folded dipole has a wider bandwidth 
than a single dipole. 

3.4 BASIC APERTURE ANTENNAS 

Reflector and horn antennas are defined as aperture antennas. The longest dimension 
of an aperture antenna is higher than several wavelengths. 

3.4.1 The Parabolic Reflector Antenna 

The parabolic reflector antenna [3] consists of a radiating feed that is used to illu- 
minate a reflector that is curved in the form of an accurate parabolic with diameter 
D as presented in Figure 3.6. This shape enables a very beam to be obtained. To 
provide the optimum illumination of the reflecting surface, the level of the parabola 
illumination should be greater by lOdB in the center than that at the parabola edges. 
The parabolic reflector antenna gain may be calculated by using Equation 3.23. a is 
the parabolic reflector antenna efficiency. 

3.4. 1.1 Parabolic Reflector Antenna Gain 



(3.23) 


Reflector geometry is presented in Figure 3.7. The following relations given in 
Equations 3.24-3.27 can be derived from the reflector geometry: 


PQ = r'cos8' 


(3.24) 



V 


FIGURE 3.6 Parabolic antenna. 
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«* ► / 



2f = r'{\ + cos0') 

2/ = > J + r' cos0' = y (x') 2 + (V) 2 + (z') 2 + z' 


(3.25) 

(3.26) 


The relation between the reflector diameter D and (7 is given in 
Equations 3.27-3.30: 


0o = tan 


D / 2 


zo=/- 


(D/2) 2 

¥ 


0o = tan 


D/2 


D/2 


ft 2D 



f-([D/2f/Af) 


(f/D) 2 ~( 1/16) 


/ = 



(3.27) 

(3.28) 

(3.29) 

(3.30) 


3.4.2 Reflector Directivity 

Reflector directivity is a function of the reflector geometry and feed radiation charac- 
teristics as given in Equations 3.31 and 3.32: 


D 0 = 


4^C/ max 

f’rad 



y / G F (0')tan^J0' 


(3.31) 
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Dq = 


{kD) 2 

X 2 



e a 

\J Gp(0')tan \ dO' 


21 


(3.32) 


L 1° I J 

The reflector aperture efficiency is given in Equation 3.33. The feed radiation pat- 
tern may be presented as in Equation 3.34: 


: ap - 


COt" 


0o / 

\J Gp{6')fcm W 


21 


G ¥ {d') = Gl cos"(0') for 0 < 0' < 


G f ( 6»')=0 for -<0'<n 


tt/2 


Gq cos' 1 (9')&\n(9')d0' = 2 


(3.33) 

(3.34) 


where Gq = 2(/7 + 1). 

Uniform illumination of the reflector aperture may be achieved if G ¥ (0' ) is given by 
Equation 3.35: 


Gf(^) = see 4 ( — ) for 0 <0'< - 


G f ( 6>')=0 for -<9'<n 


(3.35) 


The reflector aperture efficiency is computed by multiplying all the antenna effi- 
ciencies due to spillover, blockage, taper, phase error, cross-polarization losses, and 
random error over the reflector surface, e ap = e s e t ebe x e p e r , where 


e s - spillover efficiency, written in Equation 3.36 
e t - taper efficiency , written in Equation 3.37 
Cb - blockage efficiency ; e p - phase efficiency ; 
e x -cross polarization efficiency; 
e r - random error over the reflector surface efficiency 

(•0o 

G ¥ (p')sinO'd0' 


G ¥ (0')sm0' d6' 


J n 


(3.36) 
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FIGURE 3.8 Cassegrain feed system. 


e, -2cor (y) 



r-00 

G F (0')sm0'dO' 

o 


(3.37) 


In the literature [1] we can find graphs that present the reflector antenna efficiencies 
as function of the reflector antenna geometry and feed radiation pattern. However 
Equations 3.32-3.38 give us a good approximation of the reflector directivity: 


_ (jzD) 0 e ap 
" 2 2 


(3.38) 


3.4.3 Cassegrain Reflector 

The parabolic reflector or dish antenna consists of a radiating element that may be a 
simple dipole or a waveguide horn antenna. This is placed at the center of the metallic 
parabolic reflecting surface as shown in Figure 3.8. The energy from the radiating ele- 
ment is arranged so that it illuminates the subreflecting surface. The energy from the 
subreflector is arranged so that it illuminates the main reflecting surface. Once the 
energy is reflected, it leaves the antenna system in a narrow beam. 


3.5 HORN ANTENNAS 

Horn antennas are used as a feed element for radio astronomy, satellite tracking and 
communication reflector antennas, and phased arrays radiating elements used in 
antenna calibration and measurements. Figure 3.9a presents E-plane sectoral horn. 
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FIGURE 3.9 (a) E-plane sectoral horn, (b) E-plane sectoral horn, (c) Pyramidal horn, 

(d) Conical horn. 


Figure 3.9b presents E-plane sectoral horn. Figure 3.9c presents a pyramidal horn. 
Figure 3.9d presents a conical horn. 


3.5.1 E-Plane Sectoral Horn 

Figure 3.10 presents an E-plane sectoral horn. Horn antennas are fed by a waveguide. 
The excited mode is TE 10 . Field expressions over the horn aperture are similar to the 
fields of a TE 10 mode in rectangular waveguide with the aperture dimensions of a, /? , . 
The fields in the antenna aperture are given in Equations 3.39-3.41: 

E y '(x',y') «£i cos g-'K/M (3.39) 

H x y,y) * % os (-A e -/[^ 2/ M (3.40) 

rj \a / 

Hz (*',/ ) » ijEi sin e -4^' 2 /(>. )] 


(3.41) 
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FIGURE 3.10 f.'-plane sectoral horn. 



FIGURE 3.11 E- plane sectoral horn geometry. 


The horn length is p\, as shown in Figure 3.11. The extra distance along the 
aperture sides compared with the distance to the center is S and is given by 
Equation 3.42: 


5= pz- \[p^F/tf=p* ='V 8pe 

8 =S= A_ 

A 8 Ap e 

where S represents the quadratic phase distribution as given in Equation 3.43: 

W)+Px?=Px 2 + {y'? (3-44) 

<5(/) = -P\ + \J P\ 2 + (/) 2 = ~P\ +Pi]j l + (j^) (3.45) 


(3.42) 

(3.43) 
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The maximum phase deviation at the aperture 0 max is given by Equation 3.46: 




2; 8 Pl 


The total flare angle of the horn, 2i// e , is given in Equation 3.47: 


2v, e = 2, an- , (h- 


3. 5. 1.1 Directivity of the E-Plane Horn The maximum radiation is given by 
Equation 3.48: 


r 2 

Umax = ^ | -El man 


r 2 

Umax = ^\E\ mla 


t/ m ax = =^ i |E| 2 |E(f)| 2 
7r J rj 


\m\ 2 = c 2 


v /2 Vi / 


C and .S' are Fresnel integers and are given in Table 3.2. 

The total radiated power by the horn is given in Equation 3.51: 




The directivity of E-plane horn D E is given in Equation 3.52: 


D _ 4nUmax _ 64 a Pl c 2 / jh j h 

PraA nXb\ l xj2Xp x J \x/lfp[ 
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TABLE 3.2 Fresnel Integers 


* 

Ci ( x ) 

Si ( x ) 

C ( x ) 

sc*) 

0.0 

0.62666 

0.62666 

0.0 

0.0 

0.1 

0.52666 

0.62632 

0.10000 

0.00052 

0.2 

0.42669 

0.62399 

0.19992 

0.00419 

0.3 

0.32690 

0.61766 

0.29940 

0.01412 

0.4 

0.22768 

0.60536 

0.39748 

0.03336 

0.5 

0.12977 

0.58518 

0.49234 

0.06473 

0.6 

0.03439 

0.55532 

0.58110 

0.11054 

0.7 

- 0.05672 

0.51427 

0.65965 

0.17214 

0.8 

- 0.14119 

0.46092 

0.72284 

0.24934 

0.9 

- 0.21606 

0.39481 

0.76482 

0.33978 

1.0 

- 0.27787 

0.31639 

0.77989 

0.43826 

1.1 

- 0.32285 

0.22728 

0.76381 

0.53650 

1.2 

- 0.34729 

0.13054 

0.71544 

0.62340 

1.3 

- 0.34803 

0.03081 

0.63855 

0.68633 

1.4 

- 0.32312 

- 0.06573 

0.54310 

0.71353 

1.5 

- 0.27253 

- 0.15158 

0.44526 

0.69751 

1.6 

- 0.19886 

- 0.21861 

0.36546 

0.63889 

1.7 

- 0.10790 

- 0.25905 

0.32383 

0.54920 

1.8 

- 0.00871 

- 0.26682 

0.33363 

0.45094 

1.9 

0.08680 

- 0.23918 

0.39447 

0.37335 

2.0 

0.16520 

- 0.17812 

0.48825 

0.34342 

2.1 

0.21359 

- 0.09141 

0.58156 

0.37427 

2.2 

0.22242 

0.00743 

0.63629 

0.45570 

2.3 

0.18833 

0.10054 

0.62656 

0.55315 

2.4 

0.11650 

0.16879 

0.55496 

0.61969 

2.5 

0.02135 

0.19614 

0.45742 

0.61918 

2.6 

- 0.07518 

0.17454 

0.38894 

0.54999 

2.7 

- 0.14816 

0.10789 

0.39249 

0.45292 

2.8 

- 0.17646 

0.01329 

0.46749 

0.39153 

2.9 

- 0.15021 

- 0.08181 

0.56237 

0.41014 

3.0 

- 0.07621 

- 0.14690 

0.60572 

0.49631 

3.1 

0.02152 

- 0.15883 

0.56160 

0.58181 

3.2 

0.10791 

- 0.11181 

0.46632 

0.59335 

3.3 

0.14907 

- 0.02260 

0.40570 

0.51929 

3.4 

0.12691 

0.07301 

0.43849 

0.42965 

3.5 

0.04965 

0.13335 

0.53257 

0.41525 

3.6 

- 0.04819 

0.12973 

0.58795 

0.49231 

3.7 

- 0.11929 

0.06258 

0.54195 

0.57498 

3.8 

- 0.12649 

- 0.03483 

0.44810 

0.56562 

3.9 

- 0.06469 

- 0.11030 

0.42233 

0.47521 

4.0 

0.03219 

- 0.12048 

0.49842 

0.42052 

4.1 

0.10690 

- 0.05815 

0.57369 

0.47580 

4.2 

0.11228 

0.03885 

0.54172 

0.56320 

4.3 

0.04374 

0.10751 

0.44944 

0.55400 

4.4 

- 0.05287 

0.10038 

0.43833 

0.46227 

4.5 

- 0.10884 

0.02149 

0.52602 

0.43427 


(Continued ) 
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TABLE 3.2 ( Continued ) 


X 

C ,( jc ) 

S t (x) 

C(x) 

SQc) 

4.6 

- 0.08188 

- 0.07126 

0.56724 

0.51619 

4.7 

0.00810 

- 0.10594 

0.49143 

0.56715 

4.8 

0.08905 

- 0.05381 

0.43380 

0.49675 

4.9 

0.09277 

0.04224 

0.50016 

0.43507 

5.0 

0.01519 

0.09874 

0.56363 

0.49919 

5.1 

- 0.0741 1 

0.06405 

0.49979 

0.56239 

5.2 

- 0.09125 

- 0.03004 

0.43889 

0.49688 

5.3 

- 0.01892 

- 0.09235 

0.50778 

0.44047 

5.4 

0.07063 

- 0.05976 

0.55723 

0.51403 

5.5 

0.08408 

0.03440 

0.47843 

0.55369 

5.6 

0.00641 

0.08900 

0.45171 

0.47004 

5.7 

- 0.07642 

0.04296 

0.53846 

0.45953 

5.8 

- 0.06919 

- 0.05135 

0.52984 

0.54604 

5.9 

0.01998 

- 0.08231 

0.44859 

0.51633 

6.0 

0.08245 

- 0.01181 

0.49953 

0.44696 

6.1 

0.03946 

0.07180 

0.54950 

0.51647 

6.2 

- 0.05363 

0.06018 

0.46761 

0.53982 

6.3 

- 0.07284 

- 0.03144 

0.47600 

0.45555 

6.4 

0.00835 

- 0.07765 

0.54960 

0.49649 

6.5 

0.07574 

- 0.01326 

0.48161 

0.54538 

6.6 

0.03183 

0.06872 

0.46899 

0.46307 

6.7 

- 0.05828 

0.04658 

0.54674 

0.49150 

6.8 

- 0.05734 

- 0.04600 

0.48307 

0.54364 

6.9 

0.03317 

- 0.06440 

0.47322 

0.46244 

7.0 

0.06832 

0.02077 

0.54547 

0.49970 

7.1 

- 0.00944 

0.06977 

0.47332 

0.53602 

7.2 

- 0.06943 

0.00041 

0.48874 

0.45725 

7.3 

- 0.00864 

- 0.06793 

0.53927 

0.51894 

7.4 

0.06582 

- 0.01521 

0.46010 

0.51607 

7.5 

0.02018 

0.06353 

0.51601 

0.46070 

7.6 

- 0.06137 

0.02367 

0.51564 

0.53885 

7.7 

- 0.02580 

- 0.05958 

0.46278 

0.48202 

7.8 

0.05828 

- 0.02668 

0.53947 

0.48964 

7.9 

0.02638 

0.05752 

0.47598 

0.53235 

8.0 

- 0.05730 

0.02494 

0.49980 

0.46021 

8.1 

- 0.02238 

- 0.05752 

0.52275 

0.53204 

8.2 

0.05803 

- 0.01870 

0.46384 

0.48589 

8.3 

0.01387 

0.05861 

0.53775 

0.49323 

8.4 

- 0.05899 

0.00789 

0.47092 

0.52429 

8.5 

- 0.00080 

- 0.05881 

0.51417 

0.46534 

8.6 

0.05767 

0.00729 

0.50249 

0.53693 

8.7 

- 0.01616 

0.05515 

0.48274 

0.46774 

8.8 

- 0.05079 

- 0.02545 

0.52797 

0.52294 

8.9 

0.03461 

- 0.04425 

0.46612 

0.48856 

9.0 

0.03526 

0.04293 

0.53537 

0.49985 

9.1 

- 0.04951 

0.02381 

0.46661 

0.51042 

9.2 

- 0.01021 

- 0.05338 

0.52914 

0.48135 
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TABLE 3.2 ( Continued ) 


* 

C i (x) 

SiQc) 

C(x) 

SW 

9.3 

0.05354 

0.00485 

0.47628 

0.52467 

9.4 

- 0.02020 

0.04920 

0.51803 

0.47134 

9.5 

- 0.03995 

- 0.03426 

0.48729 

0.53100 

9.6 

0.04513 

- 0.02599 

0.50813 

0.46786 

9.7 

0.00837 

0.05086 

0.49549 

0.53250 

9.8 

- 0.04983 

- 0.01094 

0.50192 

0.46758 

9.9 

0.02916 

- 0.04124 

0.49961 

0.53215 

10.0 

0.02554 

0.04298 

0.49989 

0.46817 

10.1 

- 0.04927 

0.00478 

0.49961 

0.53151 

10.2 

0.01738 

- 0.04583 

0.50186 

0.46885 

10.3 

0.03233 

0.03621 

0.49575 

0.53061 

10.4 

- 0.04681 

0.01094 

0.50751 

0.47033 

10.5 

0.01360 

- 0.04563 

0.48849 

0.52804 


Figure 3.12 presents the //-plane horn radiation pattern as function of S, where 


5 = 



3.5.2 //-Plane Sectoral Horn 

//-plane sectoral horn is shown in Figure 3.13. //-plane sectoral horn geometry is 
shown in Figure 3.14. 

Field expressions over the horn aperture are similar to the fields of a TE 10 mode in 
rectangular waveguide with the aperture dimensions of a, b x . The fields in the antenna 
aperture are written in Equations 3.53 and 3.54: 

V,y ) «£ 2 cos e -/[fc* 2 /M (3.53) 

H x \x!,y ') « — cos ( n x' WN 2/ M (3.54) 

1 1 \a J 

The horn length is p 2 . The extra distance along the aperture sides compared with 
the distance to the center is 8 and is given by Equations 3.55 to 3.58. 







Relative field strength 
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12 3 4 

b\sinOI\ 


FIGURE 3.12 //-plane horn radiation pattern as function of 5, 5 = hj/8/l/3 e . 



FIGURE 3.13 //-plane sectoral horn. 
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FIGURE 3.14 /-'-plane sectoral horn geometry. 


2 8 Xp h 

where S represents the quadratic phase distribution as written in Equation 3.56: 

\2 - 2 , ,J \ 2 


(3.56) 


W)+Pi) = Pi 2 + V) 


Six') =- Pl + \l pf- + (xf) = -p 2 +P\\\ 1 + ( — 


(3.57) 

(3.58) 


The maximum phase deviation at the aperture 0 max is given by Equation 3.59: 

AA ka\ 2 


0max = k5(pd) \[x! = 


%P2 


(3.59) 


The total flare angle of the horn, 2y/ e , is given in Equation 3.60: 


a\ \ 


2 *'- =2,an " fc) 


(3.60) 


3.5.2. 1 Directivity of the E -Plane Horn The maximum radiation is given by 
Equations 3.61 and 3.62: 


r 1 

Vmw. = ^l^lmax 


U m 


b2 P2 , j-t|2 


42/7 


\E\-\m\ 


\m\ 2 = (C(m)-C(v))" + (S(m)-S(v )) 2 


(3.61) 

(3.62) 


(3.63) 
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1 a „dv — 


where u = — p , , 

V 2 \ Cl l p 2 X J 


( \J Pl^ 


a i 


\/2 l a\ \fpjX I 

C and S are Fresnel integers. 

The total radiated power by the horn is given in Equation 3.64: 

ab i , 

The directivity of //-plane horn D H is given in Equation 3.65: 
4^-f/max 4 bjrp 2 


Du = 


Erad 


Xa 1 


(C(u)-C(v)) 2 + (S(u)-S(v)) 2 


(3.64) 


(3.65) 


//-plane horn radiation pattern as function of S, S = a\/%Xp h , is shown in 
Figure 3.15. 



FIGURE 3.15 //-plane horn radiation pattern as function of S, S = ct^/SXp h . 
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3.5.3 Pyramidal Horn Antenna 

The pyramidal horn antenna is a combination of the E and H horns as shown in 
Figure 3.16. The pyramidal horn antenna is realizable only if p h =p e . 

The directivity of pyramidal horn antenna D P is given in Equation 3.66: 


D P = 


4 71 U m ax 

Prad 


nA 2 
32 ab 


D e D h 


(3.66) 


Kraus [3] gives the following approximation for pyramidal horn beamwidth: 


0 e _56 

3dB 

(3.67) 

nh _67 

3dB A hx 

(3.68) 

_ 100.8 

10dB A* 

(3.69) 

& 120.6 

10dB A** 

(3.70) 


A e/ is the aperture dimensions in wavelength in the E plane. A hi is the aperture 
dimensions in wavelength in the H plane. The pyramidal horn gain is given by 
Equation 3.71: 


G = 1 Olog j o 4 . 5A hx A A dBi 


(3.71) 


The relative power at any angle, P(j B (0), is given approximately by Equation 3.72: 


P'' B (0) = 1O 



(3.72) 



FIGURE 3.16 Pyramidal horn antenna. 
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3.6 ANTENNA ARRAYS FOR COMMUNICATION SYSTEMS 

3.6.1 Introduction 

An array of antenna elements is a set of antennas used for transmitting or receiving 
electromagnetic waves. An array of antennas is a collection of N similar radiators with 
the same three-dimensional radiation pattern. All the radiating elements are fed with 
the same frequency and with a specified amplitude and phase relationship for the drive 
voltage of each element. The array functions as a single antenna, generally with higher 
antenna gain than would be obtained from the individual elements. In antenna arrays 
electromagnetic wave interference is used to enhance electromagnetic signal in one 
desired direction at the expense of other directions. It may also be used to null the 
radiation pattern in one particular direction. Antenna array theory is presented in 
Ref. [1]. Several printed arrays and gain limitation of printed arrays are presented 
in Refs. [4-10]. Analysis and computations of losses in microstrip lines are given 
in Refs. [4-10]. Millimeter-wave arrays are presented in Refs. [6—10]. 

3.6.2 Array Radiation Pattern 

The polar radiation pattern of a single element is called the element pattern (EP). The 
array pattern is the polar radiation pattern that would result if the elements were 
replaced by isotropic radiators, with the same amplitude and phase of excitation as 
the actual elements, and spaced at points on a grid corresponding to the far-field phase 
centers of the radiators. If we assume that all the polar radiation patterns of the ele- 
ments taken individually are identical (within a certain tolerance) and that the patterns 
are all aligned in the same direction in azimuth and elevation, then the total array 
antenna pattern is got by multiplying the array factor (AF) by the EP. The total array 
antenna pattern, ET, is ET = AF x EP. 

The radiated field strength at a certain point in space in the far field is calculated by 
adding the contributions of each element to the total radiated fields. The summation of 
the contribution of each element to the total radiated fields is called the AF. The field 
strengths fall off as 1/r where r is the distance from the antenna to the field point as 
shown in Figure 3. 17. We must take into account the amplitude and phase angle of the 
radiator excitation and also the phase delay, which is due to the time it takes the signal 
to get from the source to the field point. This phase delay is expressed as 2nrlX where X 
is the free-space wavelength of the electromagnetic wave. 

Contours of equal field strength may be interpreted as an amplitude polar radiation 
pattern. Contours of the squared modulus of the field strength may be interpreted as a 
power polar radiation pattern. Figure 3.17 presents four-element array. The array fac- 
tor of N element array is given in Equation 3.73. f) presents the phase difference 
between the elements in the array. 

Figure 3.18 presents a two-element array: 


AF= 1 + e i<p + e i2jp + ■ ■ ■ + 

/—//!= 1 


(3.73) 
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FIGURE 3.17 Coordinate system for external field calculations. 


o 



where cp = kd cos 6 + f) and k = 2n/X. 

The series summation is given in Equation 3.74: 


AF = 


sin(Aty/2) 

sin(<p/2) 


(3.74) 


The array factor will be zero when sin(/Vt/;/2) =0. The array nulls will occur as 
given in Equation 3.75: 


6 n = cos 1 


X ( 2 n 

; ( ~P± —K 


2nd \ 


N 


n ^=N= 1,2,3... 


(3.75) 
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For cp= ± 2m n the array maximum level is given in Equation 3.76: 


6L = cos 


2nd^ ±lm ’) 


m = 0, 1,2,3... 


The array 3dB beamwidth is given in Equation 3.77: 


X (. 2.782 


2nd V 


-P-- 


N 


(3.76) 


#3dB=COS 1 

The peak value of the side lobe is given in Equation 3.78: 

if X ( 3 n 

<,SL=C0S " 

The side-lobe level for fi = 0 is -13.46dB, as calculated in Equation 3.79: 


(3.77) 


(3.78) 


AFsl = 201og 


10 


= - 13.46dB 


(3.79) 


3.6.3 Broadside Array 

In a broadside array the main beam is perpendicular to the array. The array will radiate 
maximum energy perpendicular to the array if all elements in the array are fed with the 
same amplitude and phase level, fi = 0. 

The array factor will be zero when sin(/Vr/V2). The array nulls will occur as given in 
Equation 3.80: 


( nA\ 

9 n = cos ± — \n 

V Nd ) 


^N= 1,2,3... 


For (p = ± 2m n the array maximum level is given in Equation 3.81: 

_ , ( mk 

s "t 

The array 3dB beamwidth is given in Equation 3.82 when nd / X <C I : 

The peak value of the side lobe is given in Equation 3.83: 


#sl = cos 


-i 


±( + (2s+l) 

2 d\ N 


s = 0, 1,2,3... 


(3.80) 


(3.81) 


(3.82) 


(3.83) 
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3.6.4 End-Fire Array 

In end-fire array the main beam is in the direction of the array axis. The array will 
radiate maximum energy in the direction of the array axis. The array will radiate max- 
imum energy in the direction 6 = 0 if f) - -kd. The array will radiate maximum energy 
in the direction 6 = 1 80 if fS = kd. 

The array nulls will occur as given in Equation 3.84: 


7 \ 

9„ = cos -1 ( 1,2,3... 


(3.84) 


For cp= ± 2m n the array maximum level is given in Equation 3.85: 


mX\ 


0,„ = cos 1 \m = 0, 1, 2, 3. . . 

d ) 


(3.85) 


The array 3dB beamwidth is given in Equation 3.86 when nd //t< I: 


6> 3dB = cos 1 - 


1.39U\ 
nNd ) 


nd I j 1<1 


(3.86) 


The peak value of the side lobe is given in Equation 3.87: 


#sl = cos 1 


_(2£+l) 


2d 


N 


5 = 0, 1,2,3... 


(3.87) 


3.6.5 Printed Arrays 

In Figure 3.19a parallel feed network of microstrip antenna array is shown. In 
Figure 3.19b parallel-series feed network of microstrip antenna array is presented. 
Array directivity, D, may be written as D = Dq = t/ max j Uo ~ AF max 2 =N. 

Half power beamwidth may be written as (HPBW) = 2 x (90 - arccos 
{\39MnNd)). 

In Table 3.3 array directivity and beamwidth as function of number of element are 
listed. The radiation pattern of a 16 broadside element array is shown in Figure 3.20. 
The array directivity is 12dB. 


3.6.6 Stacked Microstrip Antenna Arrays 

A stacked Ku-band 16-element microstrip antenna array was designed at 14.5 GHz as 
shown in Figure 3.21. The resonator and the feed network were printed on a substrate 
with relative dielectric constant of 2.5 with thickness of 0.5 mm. The resonator is a 
circular microstrip resonator with diameter <7 = 4.2 mm. The radiating element was 
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(a) (b) 



T 

Power divider Type A Power divider Type B 

FIGURE 3.19 Configuration of microstrip antenna array, (a) Parallel feed network, 
(b) Parallel-series feed network. 


TABLE 3.3 Array Directivity as Function of Number of Element 


N Elements 

D 0 (dB) 

HPBW — 0 3dB 

4 

6 

26° 

8 

9 

10° 

12 

10.8 

9° 

16 

12 

7° 

32 

15 

3.5° 

64 

18.1 

1.75° 



FIGURE 3.20 Radiation pattern of a 16 broadside element array. 
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FIGURE 3.22 Stacked Ku-band 32-element microstrip antenna array. 


printed on a substrate with relative dielectric constant of 2.2 with thickness of 0.5 mm. 
The distance between the radiating elements is around 0.752. The array dimensions 
are 125x40x 1 mm. The antenna bandwidth is 10% for VSWR better than 2:1. 
The antenna beamwidth is around 10° x25°. The measured antenna gain is around 
18.5dBi. Losses in feed network are around ldB. 

A stacked Ku-band 32-element microstrip antenna array was designed at 14.5 GHz 
as shown in Figure 3.22. The resonator and the feed network were printed on a sub- 
strate with relative dielectric constant of 2.5 with thickness of 0.5 mm. The resonator 
is a circular microstrip resonator with diameter a = 4.2 mm. The radiating element was 
printed on a substrate with relative dielectric constant of 2.2 with thickness of 0.5 mm. 
The distance between the radiating elements is around 0.752. The array dimensions 
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TABLE 3.4 Measured Results of Stacked Microstrip Antenna Array 


Array 

F (GHz) 

Bandwidth (%) 

Beamwidth (°) 

Gain (dBi) 

Dimensions (mm) 

16 

14.5 

10 

10x25 

18.5 

125 x40x 1 

32 

14.5 

10 

10x20 

20.5 

125x125x1 

16 

10 

13.5 

23x23 

17.0 

60 x 60 x 1.6 

64 

34 

10 

10x10 

23.5 

55x55x0.5 


A A/4 O A/4 B 



FIGURE 3.23 Power combiner/splitter. 


are 125 x 125 x 1 mm. The antenna bandwidth is 10% for VSWR better than 2:1. The 
antenna beamwidth is around 10°x20°. The measured antenna gain is around 
20.5dBi. Losses in feed network are around 1.5dB. Measured results of several 
stacked microstrip antenna arrays are listed in Table 3.4. The measured gain of the 
64-element array at 34 GHz is around 23.5dBi. 

A basic configuration of a power combiner/splitter is shown in Figure 3.23. This 
configuration of a power combiner/splitter is used in the feed network of several 
printed arrays. The power combiner/splitter consists of two sections of quarter- 
wavelength transformer. The distance from A to O is A/4. The impedance at point 
O is 100 Q. For an equal-split splitter, the impedance of the quarter-wavelength trans- 
former is 1 .41 x Zo, or 70.7 L2 for Z () = 50 LI. For an input signal V, the outputs at ports 
A and B are equal in magnitude and in phase. 


3.6.7 Ka-band Microstrip Antenna Arrays 

Microstrip antenna arrays with integral feed networks may be broadly divided into 
arrays fed by parallel feeds and series fed arrays. Usually series fed arrays are more 
efficient than parallel fed arrays. However, parallel fed arrays have a well-controlled 
aperture distribution. Two Ka-band microstrip antenna arrays that consist of 64 radiat- 
ing elements have been designed on a 10 mil duroid substrate with e r = 2.2. The first 
array uses a parallel feed network and the second uses a parallel-series feed network 
as shown in Figure 3.24a and b. Comparison of the performance of the arrays is given 
in Table 3.5. Results given in Table 3.5 verify that the parallel-series fed array is more 
efficient than the parallel fed array due to minimization of the number of discontinu- 
ities in the parallel-series feed network. 

The parallel-series fed array has been modified by using a 5 cm coaxial line to 
replace the same length of microstrip line. Results given in Table 3.5 indicate that 
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(a) (b) 



T 

Power divider Type A Power divider Type B 

FIGURE 3.24 Configure of 64-element microstrip antenna arrays, (a) Parallel feed network, 
(b) Parallel-series feed network. 


TABLE 3.5 Performance of 64-Element Microstrip Antenna Arrays 


Parameter 

Corporate Feed 

Parallel Feed 

Corporate Feed Mix 

Number of elements 

64 

64 

64 

Beamwidth 0 

8.5 

8.5 

8.5 

Computed gain (dBi) 

26.3 

26.3 

26.3 

Microstrip line loss (dB) 

1.1 

1.2 

0.5 

Radiation losses (dB) 

0.7 

1.3 

0.7 

Mismatch loss (dB) 

0.5 

0.5 

0.5 

Expected gain (dBi) 

24.0 

23.3 

24.6 

Efficiency (%) 

58.9 

50.7 

67.6 


the efficiency of the parallel-series fed array that incoiporates coaxial line in the feed 
network is around 67.6% due to minimization of the microstrip line length. Two 
microstrip antenna arrays that consist of 256 radiating elements have been designed. 
In the first array, type A as shown in Figure 3.25a, using power divider, Type A mini- 
mizes the number of microstrip discontinuities. The second array, type B as shown in 
Figure 3.25b, incorporates more bend discontinuities in the feeding network. Compar- 
ison of the performance of the arrays is given in Table 3.6. The type A array with 256 
radiating elements has been modified by using a 10 cm coaxial line to replace the same 
length of microstrip line. The performance comparison of the arrays given in Table 3.6 
shows that the gain of the modified array has increased by 1.6dB. Results given in 
Table 3.6 verify that the type A array is more efficient than the type B array due to 
minimization of the number of bend discontinuities in the type A array feed network. 
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(a) (b) 



T 

Power divider Type A Power divider Type B 

FIGURE 3.25 Configuration of 256-element microstrip antenna arrays, (a) Parallel feed 
network, (b) Parallel-series feed network. 


TABLE 3.6 Performance of 256-Element Microstrip Antenna Arrays 


Parameter 

Type A 

Type B 

TypeC 

Number of elements 

256 

256 

256 

Beamwidth 0 

4.2 

4.2 

4.2 

Computed gain (dBi) 

32 

32 

32 

Microstrip line loss (dB ) 

3.1 

3.1 

1.5 

Radiation losses (dB) 

1 

1.9 

1 

Mismatch loss (dB) 

0.5 

0.5 

0.5 

Expected gain (dBi) 

27.43 

26.5 

29.03 

Efficiency (%) 

34.9 

28.2 

50.47 


The measured gain results are very close to the computed gain results and verify the 
loss computation. 
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MIC AND MMIC MICROWAVE AND 
MILLIMETER WAVE TECHNOLOGIES 


4.1 INTRODUCTION 

Communication and radar industry in microwave and mm- wave frequencies is currently 
in continuous growth. Radio frequency modules such as front end, filters, power ampli- 
fiers, antennas, passive components, and limiters are important modules in radar and 
communication links, see Refs. [1-10]. The electrical performance of the modules 
determines if the system will meet the required specifications. Moreover, in several 
cases the modules performance limits the system performance. Minimization of the size 
and weight of the RF modules is achieved by employing monolithic microwave inte- 
grated circuits (MMIC) and microwave integrated circuits (MIC) technology. However, 
integration of MIC and MMIC components and modules raise several technical chal- 
lenges. Design parameters that may be neglected at low frequencies cannot be ignored 
in the design of wideband integrated RF modules. Powerful RF design software, such as 
ADS and HFSS, are required to achieve accurate design of RF modules in mm-wave 
frequencies. Accurate design of mm-wave RF modules is cmcial. It is an impossible 
mission to tune mm-wave RF modules in the fabrication process. 

Microwave and mm-wave technologies 

• MIC, microwave integrated circuits 

• MMIC, monolithic microwave integrated circuits 
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• MEMS 

• LTCC 

4.2 MICROWAVE INTEGRATED CIRCUITS MODULES 

Traditional microwave systems consists of connectorized components (such us ampli- 
fier, filters, and mixers) connected by coaxial cables. These modules have big dimen- 
sions and suffer from high losses. Dimension and losses may be minimized by using 
MIC technology. There are three types of MIC circuits: HMIC, standard MIC, and 
miniature HMIC. HMIC is a hybrid microwave integrated circuit. Solid state and pas- 
sive elements are bonded to the dielectric substrate. The passive elements are fabri- 
cated by using thick or thin film technology. Standard MIC uses a single-level 
metallization for conductors and transmission lines. Miniature HMIC uses multilevel 
process in which passive elements such as capacitors and resistors are batch deposited 
on the substrate. Semiconductor devices such as amplifiers and diodes are bonded on 
the substrate. Figure 4.1 presents a MIC module. Figure 4.2 presents the layout of the 
MIC receiving link. The receiving channel consists of a low-noise amplifier, filters, 
dielectric resonant oscillators, and a diode mixer. 


4.3 DEVELOPMENT AND FABRICATION OF A COMPACT 
INTEGRATED RF HEAD FOR INMARSAT-M GROUND TERMINAL 

This section describes the design, performance, and fabrication of a compact and 
low-cost MIC RF head for Inmarsat-M applications. Surface-mount MIC technology 
is employed to fabricate the RF head. 



FIGURE 4.1 A MIC module. 






DEVELOPMENT AND FABRICATION OF A COMPACT INTEGRATED RF HEAD 


93 


LNA 



' Filter 


• Mixer 


4.3.1 Introduction 

Mobile telecommunication industry is currently in continuous growth. Moreover the 
great public demand for cellular and cordless telephones has stimulated a wide interest 
in new mobile services such as portable satellite communication terminals. 

The Inmarsat-M system provides digital communications between the public 
switched terrestrial networks and mobile users. 

Communication links to and from mobile installations are established via Inmarsat 
geostationary satellite and the associated ground station. 

The RF head includes receiving and transmitting channels, RF controller, synthe- 
sizers, modem, and a DC supply unit. The RF head size is 30 x 20 x 2.5 cm and 
weighs 1 kg. The transmitting channel may be operated in high-power mode to trans- 
mit 10W or in low -power mode to transmit 4 W. The transmitted power level is con- 
trolled by automatic leveling control unit to ensure low power consumption over all 
the frequency and temperature range. The RF head vent is set to on and off automat- 
ically by the RF controller. The gain of the receiving channel is 76dB and is temper- 
ature compensated by using a temperature sensor and a voltage-controlled attenuator. 
Surface-mount technology is employed to fabricate the RF head. 
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4.3.2 Description of the Receiving Channel 

Block diagram of the receiving channel is shown in Figure 4.3. 

The receiving channel consists of low-noise amplifiers, filters, active mixer, saw 
filter, temperature sensor, voltage-controlled attenuator, and IF amplifiers. 

The low-noise amplifier has KMB gain and 0.9dB noise figure for frequencies 
ranging from 1.525 to 1.559 GHz. The total gain of the receiving channel is 76dB. 

The low-noise amplifier employs a $ 1 . 8 gallium arsenide (GaAS) FET. The receiv- 
ing channel noise figure and power budget calculation are given in Table 4.1. The 
channel gain is temperature compensated by connecting the output port of a temper- 
ature sensor to the reference voltage port of a voltage-controlled attenuator. The var- 
iation of the sensor output voltage as function of temperature varies the attenuation 
level of the attenuator. Gain stability as function of temperature is less than ldB. 
The receiving channel noise figure is less than 2.2dB, including ldB diplexer 
losses. The receiving channel rejects out of band signals with power level lower 
than -20dBm. 

Receiving Channel Specifications 

Frequency range: 1525-1559 MHz 

Local oscillator frequency: 1355-1389 MHz 

I.F. frequency: 170 MHz 

Channel ldB bandwidth: 50 kHz 

Noise figure: 3dB 

Input signals: -105 to -135dBm 

Output signals: -30 to -60dBm 

Receiving sensitivity: C/N= 4 1 dB/Hz for -130dBm input signal. 


4.3.3 Receiving Channel Design and Fabrication 

A major parameter in the receiving channel design was to achieve a very low target 
price in manufacturing hundreds of units. The components were selected to meet the 
electrical requirements for a given low target price assigned to each component. Low 
production cost of the RF head is achieved by using SMT technology to manufacture 
the RF head. Trimming is not required in the fabrication procedure of the receiving 
channel. The gain and noise figure values of the receiving channel are measured in 
each RF head. Around 300 receiving channels have been manufactured up to date. 


4.3.4 Description of the Transmitting Channel 

Block diagram of the transmitting channel is shown in Figure 4.4. The transmitting 
channel consists of low-power amplifiers, passband filters, voltage-controlled 
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FIGURE 4.3 Block diagram and gain budget of the receiving channel. 
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TABLE 4.1 Noise Figure and Gain Calculation 


Component 

Noise Figure (dB) 

Gain (dB) 

P aut (dBm) 

Diplexer 

1 

-1 

-131 

LNA 

0.95 

20 

-111 

VC A 

3.5 

-3.5 

-114.5 

Filter 

2 

-2 

-116.5 

Matched LNA unit 

1.45 

14 

-102.5 

Filter 

2 

-2 

-104.5 

LNA 

0.9 

10 

-94.5 

VCA 

3.5 

-3.5 

-98 

Filter 

2 

-2 

-100 

Mixer 

20 

15 

-85 

Saw filter 

8 

-8 

-93 

IF amplifiers 

2.5 

42.5 

-50.5 

Transmission line losses 

2.5 

-2.5 

-53 

Total 

2.35 

77 

-53 


System 1 


VC A Losses Mixer Filter Amp Filter Amp Power Isolator Diplexer 

magnum amp 




Gain (dB) 

^.00 

-0.50 

2.00 

-2.00 

20.50 

-2.00 

16.00 

11.50 

-0.50 

-1.00 

Total 

40.00 

NF (dB) 

4.00 

0.50 

2.00 

2.00 

3.00 

2.00 

3.00 

5.00 

0.50 

1.00 

9.23 

IPldB (dBm) 

20.00 

20.00 

10.00 

20.00 

10.00 

20.00 

10.00 

20.00 

20.00 

20.00 

-21.67 

NF+ (dB) 

0.87 

0.16 

0.95 

0.58 

1.77 

0.01 

0.02 

0.00 

0.00 

0.00 



Input pwr (dBm) -60.00 


System temp (K) 290.00 


Modulation: FM 
System BW (MHz) 0.03 
S/N (dB, actual) 59.98 
Srce temp (K) 290.00 

Teeff. (K) 2136.86 

SFDR3 (dB) N/A 


MDS (dBm) -119.98 

S/N (dB, req’d) 6.00 

Sens, loss (dB) 0.00 

Sensitivity (dBm) -113.98 

G/T (dB/K) -23.85 


Input IP3 (dBm) N/A 

Output IP3 (dBm) N/A 

OIM3 (dBm) N/A 

ORR3 (dB) N/A 

IRR3 (dB) N/A 


FIGURE 4.4 Block diagram and gain budget of the transmitting channel. 


attenuator, active mixer, medium-power and high-power amplifiers, high-power 
isolator, coupler, power detector, and DC supply unit. 

The power budget of the transmitting channel is given in Table 4.2. 

Five stages of power amplifiers amplify the input signal from 0 to 40dBm. The 
fifth stage is a 10 W power amplifier with high efficiency. The amplifier may transmit 
10 W in high-power mode or 4 W in low-power mode. The DC bias voltage of the 
power amplifier is automatically controlled by the RF controller to set the power 
amplifier to the required mode and power level. A -30dB coupler and a power detec- 
tor are used to measure the output power level. The measured power level is 
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TABLE 4.2 Transmitting Channel Power Budget 


Component 

Gain/Loss (dB) 

P out (dBm) 

Input 

0 

0 

VCA 

-4 

-4 

Tr. line loss 

-0.5 

-4.5 

Mixer 

2 

-2.5 

Filter 

-2 

-4.5 

Low-power amplifiers 

20.5 

16 

Filter 

-2 

14 

Medium-power amplifier 

16 

30 

Power amplifier 

11.5 

41.5 

Isolator 

-0.5 

41 

Diplexer 

-1 

40 

Total 

40.0 

40 


transferred via an A/D converter to the RF controller to monitor the output power level 
of the transmitting channel by varying the attenuation of the voltage-controlled atten- 
uator. This feature ensures low DC power consumption and high efficiency of the RF 
head. The RF controller sets the transmitting channel to on and off. A temperature 
sensor is used to measure the RF head temperature. The RF controller set the RF head 
vent to on and off according to the measured RF head temperature. 

4. 3.4.1 Transmitting Channel Specifications 

Frequency range: 1626.5-1660.5 MHz 
I.F. frequency range: 99.5-133.5 MHz 
L.O. frequency: 1760 MHz 
Input power: OdBm 

Output power (high mode): 38-40dBm 
Output power (low mode): 34—36dBm 
Power consumption: 42 W 

4.3. 4. 2 Diplexer Specifications A very compact and lightweight diplexer con- 
nects the receiving and transmitting channels to the antenna. The diplexer simple 
structure and easy manufacturability ensure lower costs in production than similar 
diplexers. 

Transmit Filter 

Passband frequency range: 1626.5-1660.5 MHz 
Passband insertion loss: 0.7dB 
Passband VSWR< 1.3: 1 
Rejection >54dB at 1525-1559 MHz 
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Receive Filter 

Passband frequency range: 1525-1559 MHz 
Passband insertion loss < 1 .3dB 
Pass Band VSWR<1.3: 1 
Rejection >65dB at 1626.5-1660.5 MHz 
Size: 86 x 36 x 25 mm 


4.3.5 Transmitting Channel Fabrication 

A photo of the RF head prototype for Inmarsat-M ground terminal is shown in 
Figure 4.5. A major parameter in the transmitting channel design was to achieve a 
low target price in the fabrication of hundreds of units. The components were selected 
to meet the target price given to each component and the electrical requirements. Low 
production cost is achieved by using SMT technology to manufacture the transmitting 
channel. A quick trimming procedure is required in the fabrication of the transmitting 
channel to achieve the required output power and efficiency. The output power and 
spurious level of the transmitting channel are tested in the fabrication procedure of 
each RF head. Around 300 transmitting channels have been manufactured during 
the first production cycle. 

A photo of the RF head modules for Inmarsat-M ground terminal is shown in 
Figure 4.6. The RF head is separated to five sections: receiving and transmitting chan- 
nels, diplexer, synthesizers, RF controller, and a DC supply unit. A metallic fence and 
cover separate between the transmitting and receiving channels. 



FIGURE 4.5 RF head prototype for Inmarsat-M ground terminal. 
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FIGURE 4.6 RF head modules for Inmarsat-M ground terminal. 


4.3.6 RF Controller 

The RF controller is based on an 87C51 microcontroller. The RF controller communi- 
cates with the system controller via a full-duplex serial bus. The communication 
is based on message transfer. The RF controller sets the transmitting channel to 
on and off by controlling the DC voltage switching unit. The RF controller monitors 
the output power level of the transmitting channel by varying the attenuation of the 
voltage-controlled attenuator in the transmitting channel. The RF controller sets the 
transmitting channel to burst or scpc modes with high- or low-power level. The RF 
controller produces the clock data and enable signals for the Rx and Tx synthesizers. 

4.3.7 Concluding Remarks 

A compact and low-cost RF head for Inmarsat-M applications is presented in this 
section. The RF head is part of a portable satellite communication ground terminal, 
“Caryphone,” which supplies phone and fax services to the customer. 

The RF controller automatically monitors the output power level to ensure low DC 
power consumption. A DC to DC converter supplies to the power amplifier a controlled 
DC bias voltage to set the power amplifier to high-power level mode, 10 W or 4 W. 

The receiving channel noise figure is less than 2.2dB. The total gain of the receiv- 
ing channel is 76dB with gain stability of ldB as function of temperature. 

The RF head size is 30 x 20 x 2.5 cm and weighs less than 1 kg. 

The “Caryphone” terminal has been approved by Inmarsat on August 1995. Up to 
date 300 terminals has been manufactured. 
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4.4 MONOLITHIC MICROWAVE INTEGRATED CIRCUITS 

4.4.1 Introduction 

Communication and wireless systems in microwave and mm-wave frequencies is cur- 
rently in continuous growth. Radio Frequency modules such as front end, filters, power 
amplifiers, antennas, passive components, and limiters are important modules in radar 
and communication links, see Refs. [1-9]. The electrical performance of the modules 
determines if the system will meet the required specifications. Moreover, in several 
cases the modules performance limits the system performance. Minimization of the size 
and weight of the RF modules is achieved by employing MMIC technology. Design 
parameters that may be neglected at low frequencies in MIC modules cannot be ignored 
in the design of wideband integrated MMIC RF modules. Powerful RF design software, 
such as ADS and HFSS, are required to achieve accurate design of MMIC RF modules 
in mm-wave frequencies. Accurate design of mm-wave RF modules is crucial. It is an 
impossible mission to tune mm-wave MMIC RF modules in the fabrication process. 

4.4.2 Monolithic Microwave Integrated Circuits 

MMIC are circuits in which active and passive elements are formed on the same die- 
lectric substrate, as presented in Figure 4.7, by using a deposition scheme as epitaxy, 
ion implantation, sputtering, evaporation, and diffusion. In Figure 4.7 the MMIC chip 
consists passive elements such as resistors, capacitors, inductors, and a field-effect 
transistor (FET). 

4.4.2. 1 MMIC Design Facts 

MMIC components can’t be tuned. Accurate design is crucial in the design of 
MMIC circuits. Accurate design may be achieved by using 3D electromagnetic 
software. 



FIGURE 4.7 MMIC basic components. 
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FIGURE 4.8 MMIC design flow. 


Materials employed in the design of MMIC circuits are GaAs, InP, GaN, and sil- 
icon-germanium (SiGe). 

Large statistic scattering of all electrical parameters cause sensitivity of the design. 
FAB runs are expensive, around $200,000 per run. Miniaturization of components 
yields lower cost of the MMIC circuits. Figure 4.8 presents MMIC design flow. 
The designer goal is to comply with customer specifications in one design iteration. 


4.4.2.2 MMIC Technologies Features 

• 0.25 pm GaAs PHEMT for power applications to Ku Band 

• 0.15 pm GaAs PHEMT for applications to high Ka Band 

• GaAs PIN process for low-loss power switching applications 

• Future new process: InP HBT, SiGe, GaN.RFCMOS, RFMEMS 

Figure 4.9 presents a GaAs wafer layout. Wafer size may be 3", 5", or 6". 

4.4.23 Types of Components Designed 

• Amplifiers: LNA, general, power amplifiers, wideband power amplifiers, 
distributed TWA 

• Mixers: balanced, star, subharmonic 

• Switches: PIN, PHEMT, T/R matrix 

• Frequency multipliers: active, passive 
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FIGURE 4.9 GaAs wafer layout. 


• Modulators: QPSK, QAM (PIN, PHEMT) 

• Multifunction: Rx chip, Tx chip, switched amp chip, LO chain 


FET: Field-effect transistor 

BJT: Bipolar junction transistor 

HEMT: High-electron mobility transistor 

PHEMT: Pseudomorphic HEMT 

MHEMT: Metamorphic HEMT 

DHBT: Double heterostructure bipolar transistor 

CMOS: Complementary metal-oxide semiconductor 

Table 4.3 presents types of devices fabricated by using MMIC Technology. 


TABLE 4.3 

MMIC Technology 



Material 

FET 

BJT 

Diode 

III-V based 

PHEMT GaAs 

HEMT InP 

MHEMT GaAs 

HEMT GaN 

HBT GaAs 

DHBT InP 

Schottky GaAs 

Silicon 

CMOS 

HBT SiGe 
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4.4.3 Advantages of GaAs versus Silicon 

MMICs are originally fabricated by using GaAs, a III-V compound semicondu- 
ctor. MMICs are dimensionally small (from around 1 to 10 mm 2 ) and can be mass 
produced. GaAs has some electronic properties which are better than those of silicon. 
It has a higher saturated electron velocity and higher electron mobility, allowing tran- 
sistors made from GaAs to function at frequencies higher than 250 GHz. Unlike sil- 
icon junctions, GaAs devices are relatively insensitive to heat due to their higher 
bandgap. Also, GaAs devices tend to have less noise than silicon devices especially 
at high frequencies which is a result of higher carrier mobility and lower resistive 
device parasitic. These properties recommend GaAs circuitry in mobile phones, sat- 
ellite communications, microwave point-to-point links, and higher-frequency radar 
systems. It is used in the fabrication of Gunn diodes to generate microwave. GaAs 
has a direct bandgap, which means that it can be used to emit light efficiently. Silicon 
has an indirect bandgap and so is very poor at emitting light. Nonetheless, recent 
advances may make silicon LEDs and lasers possible. Due to its lower bandgap 
though, Si LEDs cannot emit visible light and rather work in 1R range while GaAs 
LEDs function in visible red light. As a wide direct bandgap material and resulting 
resistance to radiation damage, GaAs is an excellent material for space electronics 
and optical windows in high-power applications. 

Silicon has three major advantages over GaAs for integrated circuit manufacturer. 
First, silicon is a cheap material. In addition, a Si crystal has an extremely stable struc- 
ture mechanically, and it can be grown to very large diameter boules and can be pro- 
cessed with very high yields. It is also a decent thermal conductor thus enables very 
dense packing of transistors, all very attractive for design and manufacturing of very 
large ICs. The second major advantage of Si is the existence of silicon dioxide — one 
of the best insulators. Silicon dioxide can easily be incorporated onto silicon circuits, 
and such layers are adherent to the underlying Si. GaAs does not easily form such a 
stable adherent insulating layer and does not have stable oxide either. The third, and 
perhaps most important, advantage of silicon is that it possesses a much higher hole 
mobility. This high mobility allows the fabrication of higher-speed P-channel FET, 
which are required for CMOS logic. Because they lack a fast CMOS structure, GaAs 
logic circuits have much higher power consumption, which has made them unable to 
compete with silicon logic circuits. The primary advantage of Si technology is its 
lower fabrication cost compared with GaAs. Silicon wafer diameters are larger. Typ- 
ically 8" or 12" compared with 4" or 6" for GaAs. Si wafer costs are much lower than 
GaAs wafer costs, contributing to a less expensive Si IC. 

Other III-V technologies, such as indium phosphide (InP), offer better perfor- 
mance than GaAs in terms of gain, higher cutoff frequency, and low noise. However 
they are more expensive due to smaller wafer sizes and increased material fragility. 

SiGe is a Si-based compound semiconductor technology offering higher-speed 
transistors than conventional Si devices but with similar cost advantages. 

Gallium Nitride (GaN) is also an option for MMICs. Because GaN transistors can 
operate at much higher temperatures and work at much higher voltages than GaAs 
transistors, they make ideal power amplifiers at microwave frequencies. In 
Table 4.4 properties of the material used in MMIC technology are compared. 
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TABLE 4.4 Comparison of Material Properties 

Property 

Si 

Si or Sapphire 

GaAs 

InP 

Dielectric constant 

11.7 

11.6 

12.9 

14 

Resistivity (D/cm) 

10 3 -10 5 

>10 14 

10 7 -10 9 

10 7 

Mobility (cm 2 /v-s) 

700 

700 

4300 

3000 

Density (g/cm 3 ) 

2.3 

3.9 

5.3 

4.8 

Saturation velocity (cm/s) 

9 x 10 s 

9 x 10 6 

1.3 x 10 7 

1.9 x 10 7 


TABLE 4.5 Summary of Semiconductor Technology 


Si CMOS 

SiGe HBT 

InP HBT 

InP 

HEMT 

GaN 

HEMT 

Cutoff frequency (GHz) 

>200 

>200 

>400 

>600 

>200 

Published MMICs (GHz) 

170 

245 

325 

670 

200 

Output power 

Low 

Medium 

Medium 

Medium 

High 

Gain 

Low 

High 

High 

Low 

Low 

RF noise 

High 

High 

High 

Low 

Low 

Yield 

High 

High 

Medium 

Low 

Low 

Mixed signal 

Yes 

Yes 

Yes 

No 

No 

Ilf noise 

High 

Low 

Low 

High 

High 

Breakdown voltage (V) 

-1 

-2 

-4 

-2 

>20 


4.4.4 Semiconductor Technology 

Cutoff frequency of Si CMOS MMIC devices is lower than 200 GHz. Si CMOS 
MMIC devices are usually low-power and low-cost devices. Cutoff frequency of 
SiGe MMIC devices is lower than 200 GHz. SiGe MMIC devices are used as 
medium-power high-gain devices. Cutoff frequency of InP HBT devices is lower than 
400 GHz. InP HBT devices are used as medium-power high-gain devices. Cutoff fre- 
quency of InP HEMT devices is lower than 600 GHz. InP HEMT devices are used as 
medium-power high-gain devices. In Table 4.5 properties of MMIC technologies are 
compared. Figure 4.10 presents a 0.15 pm PHEMT on GaAs substrate. 


4.4.5 MMIC Fabrication Process 

MMIC fabrication process consists of several controlled processes in a semiconductor 
FAB. The process is listed in the next paragraph. 

In Figure 4.11a MESFET cross section on GaAs substrate is shown. 

MMIC fabrication process list 

Wafer fabrication — Preparing the wafer for fabrication. 

Wet cleans — Wafer cleaning by wet process. 
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Drain 


FIGURE 4.10 0.15 |rm PHEMT on GaAs substrate. 



Undoped GaAs 


Drain 


Heavy-doped layer 


Gate width S 


Deplt tion region 


FIGURE 4.11 MESFET cross section on GaAs substrate. 


Ion implantation — Dopants are embedded to create regions of increased or 
decreased conductivity. Selectively implant impurities create p- or n-type sem- 
iconductor regions. 

Dry etching — Selectively remove materials. 

Wet etching — Selectively remove materials chemical process. 

Plasma etching — Selectively remove materials. 

Thermal treatment — High-temperature process to remove stress. 

Rapid thermal anneal — High-temperature process to remove stress. 

Furnace anneal — After ion implantation, thermal annealing is required. Furnace 
annealing may take minutes and causes too much diffusion of dopants for some 
applications. 

Oxidation — Substrate oxidation, for example, dry oxidation — Si + 0 2 — > Si02; 
wet oxidation Si + 2 H 2 O — > Si02 + 2 H 2 . 
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Chemical vapor deposition (CYD) — Chemical vapor deposited on the wafer. 
Pattern defined by photoresist. 

Physical vapor deposition (PYD) — Vapor produced by evaporation or sputtering 
deposited on the wafer. Pattern defined by photoresist. 

Molecular Beam Epitaxy (MBE) — A beam of atoms or molecules produced 
in high vacuum. Selectively grow layers of materials. Pattern defined by 
photoresist. 

Electroplating — Electromechanical process used to add metal. 

Chemical mechanical polish (CMP) 

Wafer testing — Electrical test of the wafer. 

Wafer backgrinding 

Die preparation 

Wafer mounting 

Die cutting 

Lithography — Lithography is the process of transfening a pattern onto the wafer 
by selectively exposing and developing photoresist. Photolithography consists 
of four steps, the order depends on whether we are etching or lifting off the 
unwanted material. 

Contact lithography — A glass plate is used that contains the pattern for the entire 
wafer. It is literally led against the wafer during exposure of the photoresist. In 
this case the entire wafer is patterned in one shot. 

Electron-beam lithography is a form of direct-write lithography. Using E-beam 
lithography you can write directly to the wafer without a mask. Because an elec- 
tron beam is used, rather than light, much smaller features can be resolved. 

Exposure can be done with light, UV light, or electron beam, depending on the 
accuracy needed. E-beam provides much higher resolution than light, because the 
particles are bigger (greater momentum), the wavelength is shorter. 

4.4.5. 1 Etching versus Lift-off Removal Processes There are two principal means 
of removing material, etching and lift-off. 

The steps for an etch-off process are: 

1. Deposit material 

2. Deposit photoresist 

3. Pattern (expose and develop) 

4. Remove material where it is not wanted by etching 

Etching can be isotropic (etching wherever we can find the material we like to etch) 
or anisotropic (directional, etching only where the mask allows). Etches can be diy 
(reactive ion etching or RIE) or wet (chemical). Etches can be very selective (only 
etching what we intend to etch) or nonselective (attacking a mask to the substrate). 
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In a lift-off process, the photoresist forms a mold into which the desired material is 
deposited. The desired features are completed when photoresist B under unwanted 
areas is dissolved, and unwanted material is “lifted off.” 

Lift-off processes are: 

• Deposit photoresist 

• Pattern 

• Deposit material conductor or insulator 

• Remove material where it is not wanted by lifting off 

In Figure 4.12 aMESFET cross section on GaAs substrate is shown. In Figure 4.13 
a MMIC resistor cross section is shown. 

In Figure 4.14 a MMIC capacitor cross section is shown. 



Metal 



Isolation implant 


Semi-insulating GaAs 


FIGURE 4.13 Resistor cross section. 


Capacitor 


Metal 


Dielectric 
isolation implant 



Semi-insulating GaAs 


FIGURE 4.14 Capacitor cross section. 
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Ion beam 


Patterned photoresist 
Implants - 


Wafer in process 


FIGURE 4.15 Ion implantation. 


Ion beam 
Or plasma 

Patterned photoresist 
Implants - 


Wafer in process 


FIGURE 4.16 Ion etch. 



Patterned 

photoresist 


FIGURE 4.17 Wet etch. 


Figure 4.15 presents the ion implantation process. Figure 4.16 presents the ion etch 
process. Figure 4.17 presents the wet etch process. 


4.4.6 Generation of Microwave Signals in Microwave and nun Wave 

Microwaves signals can be generated by solid-state devices and vacuum tube-based 
devices. Solid-state microwave devices are based on semiconductors such as silicon or 
GaAs and include FETs, BJTs, Gunn diodes, and IMP ATT diodes. Microwave var- 
iations of BJTs include the heterojunction bipolar transistor (HBT) and microwave 
variants of FETs include the MESFET, the HEMT (also known as HFET), and 
LDMOS transistor. Microwaves can be generated and processed using integrated 
circuits, MMIC. They are usually manufactured using GaAs wafers, though SiGe 
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and heavy-dope silicon are increasingly used. Vacuum tube-based devices operate on 
the ballistic motion of electrons in a vacuum under the influence of controlling electric 
or magnetic fields and include the magnetron, klystron, traveling-wave tube (TWT), 
and gyrotron. These devices work in the density-modulated mode, rather than the cur- 
rent-modulated mode. This means that they work on the basis of clumps of electrons 
flying ballistically through them, rather than using a continuous stream. 


4.4.7 MMIC Circuit Examples and Applications 

Figure 4.18 presents a wideband mm-wave power amplifier. The input power is 
divided by using a power divider. The RF signal is amplified by power amplifiers 
and combined by a power combiner to get the desired power at the device output. 

Figure 4.19 presents a wideband mm-wave upconverter. Figure 4.20 presents a Ka 
band pin diode nonreflective SPDT. MMIC process cost is listed in Table 4.6. 

MMIC applications 

• Ka band satellite communication 

• 60 GHz wireless communication 

• Automotive radars 

• Imaging in security 

• Gbit WLAN 



FIGURE 4.18 Wideband power amplifier. 
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FIGURE 4.19 Ka band upconverter. 



FIGURE 4.20 Ka band nonreflective SPDT. 


TABLE 4.6 MMIC Cost 



Si CMOS 

SiGe HBT 

GaAs HEMT 

InP HEMT 

Chip cost ($/mnr) 

0.01 

0. 1-0.5 

1-2 

10 

Mask cost (M$/mask set) 

1.35 

0.135 

0.0135 

0.0135 
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4.5 CONCLUSIONS 

The electrical performance of the modules determines if the system will meet the 
required specifications. In several cases the modules performance limits the system 
performance. Minimization of the size and weight of the RF modules is achieved 
by employing MMIC and MIC technology. However, integration of MIC and MMIC 
components and modules raise several technical challenges. Design parameters that 
may be neglected at low frequencies cannot be ignored in the design of wideband 
integrated RF modules. Powerful RF design software, such as ADS and HFSS, are 
used to achieve accurate design of RF modules in mm-wave frequencies. This 
section describes the design. Performance, and fabrication of a compact and low-cost 
MIC RF head for Inmarsat-M applications. Surface-mount MIC technology is 
employed to fabricate a compact low-cost RF head for satellite communication 
application. 
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PRINTED ANTENNAS FOR WIRELESS 
COMMUNICATION SYSTEMS 


Printed antennas are the perfect antenna solution for wireless and medical communi- 
cation systems. Printed antennas possess attractive features such as low profile, light- 
weight, small volume, and low production cost. These features are crucial for wireless 
compact wearable communication systems. In addition, the benefit of a compact low- 
cost feed network is attained by integrating the feed structure with the radiating 
elements on the same substrate. Printed antennas are used in communication systems 
that employ MIC and MMIC technologies. 


5.1 PRINTED ANTENNAS 

Printed antennas possess attractive features such as low profile, flexible, lightweight, 
small volume, and low production cost. Printed antennas are widely presented in 
books and papers in the last decade [1-18]. The most popular type of printed antennas 
are microstrip antennas. However, PIFA, slot, and dipole printed are widely used in 
communication systems. Printed antennas may be employed in communication links, 
seekers, and in biomedical systems. 

5.1.1 Introduction to Microstrip Antennas 

Microstrip antennas are printed on a on a dielectric substrate with low dielectric losses. 
Cross section of the microstrip antenna is shown in Figure 5.1. Microstrip antennas are 


Wideband RF Technologies and Antennas in Microwave Frequencies , First Edition. Dr. Albert Sabban. 
©2016 John Wiley & Sons, Inc. Published 2016 by John Wiley & Sons, Inc. 
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L = X\2 



FIGURE 5.1 Microstrip antenna cross section. 


thin patches etched on a dielectric substrate e r , see Refs. [1-7]. The substrate thick- 
ness, H, is less than 0.12. 

Advantages of microstrip antennas 

• Low cost to fabricate. 

• Conformal structures are possible. 

• Easy to form a large uniform array with half- wavelength spacing. 

• Lightweight and low volume. 


Disadvantages of microstrip antennas 

• Limited bandwidth (usually 1-5%, but much more is possible with increased 
complexity) 

• Low power handling 

The electric field along the radiating edges is shown in Figure 5.2. The magnetic 
field is perpendicular to the L-field according to Maxwell’s equations. At the edge of 
the strip (X/L = 0 and X/L = 1 ), the //-field drops to zero, because there is no conduc- 
tor to carry the RF current; it is maximum in the center. The £-field intensity is at 
maximum magnitude (and opposite polarity) at the edges (X/L = 0 and X/L =1) and 
zero at the center. The ratio of E- to //-field is proportional to the impedance that we 
see when we feed the patch. Microstrip antennas may be fed by a microstrip line or 
by a coaxial line or probe feed. By adjusting the location of the feed point between 
the center and the edge, we can get any impedance, including 50 £2. Microstrip e 
antenna shape may be square, rectangular, triangle, circle, or any arbitrary shape 
as shown in Figure 5.3. 

The dielectric constant that controls the resonance of the antenna is the effective 
dielectric constant of the microstrip line. The antenna dimension W is given by 
Equation 5.1: 




c 

2/ \/ C'elT 


(5.1) 
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FIGURE 5.2 Rectangular microstrip antenna. 


AO® 

Square Triangle Circle Ring Dipole 

FIGURE 5.3 Microstrip antenna shapes. 

The antenna bandwidth is given in Equation 5.2: 

BW=— r L. (5.2) 

V^eff 

The gain of microstrip antenna is between 0 and 7dBi. The microstrip antenna gain 
is function of the antenna dimensions and configuration. We may increase printed 
antenna gain by using microstrip antenna array configuration. In a microstrip antenna 
array, the benefit of a compact low-cost feed network is attained by integrating the RE 
feed network with the radiating elements on the same substrate. Microstrip antenna 
feed networks is presented in Figure 5.4. Figure 5.4a presents a parallel feed network. 
Figure 5.4b presents a parallel-series feed network. 

5.1.2 Transmission Line Model of Microstrip Antennas 

In the transmission line model, TLM, of patch microstrip antennas, the antenna is 
represented as two slots connected by a transmission line. TLM is presented in 
Figure 5.5. TLM is not an accurate model. However it gives a good physical under- 
standing of patch microstrip antennas. The electric field along and underneath the 
patch depend on the z coordinate as given in Equation 5.3. 
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(a) (b) 



T 

Power divider type A Power divider type B 

FIGURE 5.4 Configuration of microstrip antenna array, (a) Parallel feed network and 
(b) parallel-series feed network. 
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W<L 


Slot 2 

FIGURE 5.5 Transmission line model of patch microstrip antennas. 


L C |I 

At z = 0 and z = L e ff the electric field is maximum. At z = — — the electric field 
equal zero. 

For — <0.1 the electric field distribution along the je-axis is assumed to be uniform. 

Aq 

The slot admittance may be written as given in Equations 5.4 and 5.5: 


G = 


W 

1 20z 0 


1 - 


1 (2nH\ 


24 V Ao J 


for — <0.1 

Aq 


(5.4) 
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B = 
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120/lo 


1-0.636 In 
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for 


H 

^ <al 


(5.5) 


B represents the capacitive nature of the slot. In G = l/R.R represents the radiation 
losses. When the antenna is resonant, the susceptances of both slots cancel out at the 
feed point for any position of the feed point along the patch. However, the patch 
admittance depends on the feed point position along the “-axis. At the feed point 
the slot admittance is transformed by the equivalent length of the transmission line. 
The width W of the microstrip antenna controls the input impedance. Larger widths 
can increase the bandwidth. For a square patch antenna fed by a microstrip line, the 
input impedance is around 300 Q. By increasing the width, the impedance can be 
reduced. The antenna admittance is given in Equation 5.6. 

-z l+j(,Z L /Zo)tanph v 
*{' ij- z o , , ., — 1 

(Z L /Z 0 ) +ytan/?/i ( 5 . 6 ) 

= Y\+Y 2 


5.1.3 Higher-Order Transmission Modes in Microstrip Antennas 

In order to prevent higher-order transmission modes, we should limit the thickness of 
the microstrip substrate to 10% of a wavelength. The cutoff frequency of the higher- 
order mode is given in Equation 5.7: 


4//\4PT 


(5.7) 


5.1.4 Effective Dielectric Constant 

Part of the fields in the microstrip antenna structure exists in air and the other part of 
the fields exists in the dielectric substrate. The effective dielectric constant is 
somewhat less than the substrate’s dielectric constant. 

The effective dielectric constant of the microstrip line may be calculated by 
Equation 5.8a and 5.8b as function of W/H: 


For | — ) < 1 


(5.8a) 


e r + 1 e r - 1 
e e = — 1— + — 


1 + 121 — 
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-°5 / / W \ \ 2 

+ 0.04( 1-f- 


2 


2 


For - 


(5.8b) 
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€ r 4 - 1 

£e = — + 


e r - 1 
2 



- 0.51 


This calculation ignores strip thickness and frequency dispersion, but their effects 
are negligible. 


5.1.5 Losses in Microstrip Antennas 

Losses in microstrip line are due to conductor loss, radiation loss, and dielectric loss. 
5. 1.5.1 Conductor Loss Conductor loss may be calculated by using Equation 5.9: 


a c = 8.686 log dB /length 

R s = \J nfpp skin resistance 


(5.9) 


Conductor losses may also be calculated by defining an equivalent loss tangent <5 C , 
given by 5 C = 5 s /h, where <5 S = s/ljcopo. Where o is the strip conductivity, h is the 
substrate height, and p is the free space permeability. 

5. 1.5.2 Dielectric Loss Dielectric Loss may be calculated by using Equation 5.10: 


a d 


g r c e ff-ltg<5 
\J Ceff £r — 1 ^0 


dB/cm 


tg<5 = dielectric loss coefficent 


(5.10) 


5.1.6 Patch Radiation Pattern 

The patch width, W, controls the antenna radiation pattern. The coordinate system is 
shown in Figure 5.6. The normalized radiation pattern is approximately given by 
Equations 5.11 and 5.12 


sm((fcoVL/2)sm#sinffl) 

Eg = — ; — cos 

(k 0 W 2) sin 0 sin q> 


k()L 


sin 6 cos (p cos cp 


k 0 - 
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(5.11) 
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FIGURE 5.6 Coordinate system. 
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(5.12) 



The magnitude of the fields is given by Equation 5.13 


f{e,cp)= s J 



(5.13) 


5.2 TWO LAYERS STACKED MICROSTRIP ANTENNAS 

Two layers microstrip antennas was presented first in Refs. [1, 5-8]. The major 
disadvantage of single-layer microstrip antennas is narrow bandwidth. By designing 
a double-layer microstrip antenna, we can get a wider bandwidth. 

In the first layer the antenna feed network and a resonator are printed. In the second 
layer the radiating element is printed. The electromagnetic field is coupled from the 
resonator to the radiating element. The resonator and the radiating element shape may 
be square, rectangular, triangle, circle, or any arbitrary shape. The distance between 
the layers is optimized to get maximum bandwidth with the best antenna efficiency. 
The spacing between the layers may be air or a foam with low dielectric losses. 

A circular polarization double -layer antenna was designed at 2.2 GHz. The reso- 
nator and the feed network was printed on a substrate with relative dielectric constant 
of 2.5 with thickness of 1.6 mm. The resonator is a square microstrip resonator with 
dimensions W= L = 45 mm. The radiating element was printed on a substrate with rel- 
ative dielectric constant of 2.2 with thickness of 1.6 mm. The radiating element is a 
square patch with dimensions W = L = 48 mm. The patch was design as circular polar- 
ized antenna by connecting a 3dB 90° branch coupler to antenna feed lines, as shown 
in Figure 5.7. The antenna bandwidth is 10% for VSWR better than 2:1. The meas- 
ured antenna beam width is around 12° . The measured antenna gain is 7.5dBi. 

Measured results of stacked microstrip antennas are listed in Table 5.1. 

Results in Table 5.1 indicated that bandwidth of two layers microstrip antennas 
may be around 9- 1 5 % for VS WR better than 2 : 1 . In Figure 5.13a stacked microstrip 


120 


PRINTED ANTENNAS FOR WI RE LESS COMMUNICATION SYSTEMS 



TABLE 5.1 Measured Results of Stacked Microstrip Antennas 


Antenna 

F 

(GHz) 

Bandwidth 

(%) 

Beamwidth 

(%) 

Gain 

(dBi) 

Side 

Lobe 

(dB) 

Polarization 

Square 

2.2 

10 

72 

7.5 

-22 

Circular 

Circular 

2.2 

15 

72 

7.9 

-22 

Linear 

Annular disc 

2.2 

11.5 

78 

6.6 

-14 

Linear 

Rectangular 

2.0 

9 

72 

7.4 

-25 

Linear 

Circular 

2.4 

9 

72 

7 

-22 

Linear 

Circular 

2.4 

10 

72 

7.5 

-22 

Circular 

Circular 

10 

15 

72 

7.5 

-25 

Circular 



FIGURE 5.8 A microstrip stacked patch antenna. 


antenna is shown. The antenna feed network is printed on FR4 dielectric substrate 
with dielectric constant of 4 and 1.6 mm thick. The radiator is printed on RT/duroid 
5880 dielectric substrate with dielectric constant of 2.2 and 1 .6 mm thick. The antenna 
electrical parameters was calculated and optimized by using ADS software. The 
dimensions of the microstrip stacked patch antenna shown in Figure 5.8 are 33 x 
20x3.2 mm. The computed S , 1 parameters are presented in Figure 5.9. Radiation 
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FIGURE 5.9 Computed Sn of the microstrip stacked patch. 


Efficiency (%) Gain Directivity 



Theta (-90.000 to 90.000) 

FIGURE 5.10 Radiation pattern of the microstrip stacked patch. 


pattern of the microstrip stacked patch is shown in Figure 5.10. The antenna band- 
width is around 5% for VS WR better than 2.5 : 1 . The antenna bandwidth is improved 
to 10% for VSWR better than 2.0 : 1 by adding 8 mm air spacing between the layers. 
The antenna beamwidth is around 72°. The antenna gain is around 7dBi. 
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5.3 STACKED MONOPULSE Ku BAND PATCH ANTENNA 

A monopulse double-layer antenna was designed at 15 GHz. The monopulse double- 
layer antenna consists of four circular patch antenna as shown in Figure 5.11. The 
resonator and the feed network were printed on a substrate with relative dielectric con- 
stant of 2.5 with thickness of 0.8 mm. The resonator is a circular microstrip resonator 
with diameter, a = 4.2 mm. The radiating element was printed on a substrate with rel- 
ative dielectric constant of 2.2 with thickness of 0.8 mm. The radiating element is a 
circular microstrip patch with diameter, a = 4.5 mm. The four circular patch antennas 
are connected to three 3dB 180° rat-race couplers via the antenna feed lines, as shown 
in Figure 5.11. The comparator consists of three strip-line 3dB 180° rat-race couplers 
printed on a substrate with relative dielectric constant of 2.2 with thickness of 0.8 mm. 
The comparator has four output ports: a sum port difference port A, elevation dif- 
ference port AE1, and azimuth difference port AAz as shown in Figure 5.16. The 
antenna bandwidth is 10% for VSWR better than 2:1. The antenna beamwidth is 
around 36°. The measured antenna gain is around lOdBi. The comparator losses 
around 0.7dB. 


5.3.1 Rat-Race Coupler 

A rat-race coupler is shown in Figure 5.12. The rat-race circumference is 1.5 wave- 
lengths. The distance from A to A port is 32\4. The distance from A to ^ port is 2\4. 
For an equal-split rat-race coupler, the impedance of the entire ring is fixed at 


A 



/ Strip-line rat-race 
comparator 


Circular 

patch 


FIGURE 5.11 A microstrip stacked monopulse antenna. 
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Z=A + B 


FIGURE 5.12 Rat-race coupler. 


1.41 x Z 0 or 70.7 £i for Z 0 = 50 £1. For an input signal V, the outputs at ports 2 and 4 are 
equal in magnitude but 180° out of phase. 


5.4 LOOP ANTENNAS 

Loop antennas are used as receive antennas in communication and medical systems. 
Loop antennas may be printed on a dielectric substrate or manufactured as a wired 
antenna. In this paragraph several loop antennas are presented. 

5.4.1 Small Loop Antenna 

The small loop antenna is shown in Figure 5.13. The shape of the loop antenna may be 
circular or rectangular. These antennas have low radiation resistance and high reac- 
tance. It is difficult to match the antenna to a transmitter. Loop Antennas are most 
often used as receive antennas, where impedance mismatch loss can be accepted. 
Small loop antennas are used as field strength probes, in pagers, and in wireless 
measurements. 

The loop lies in the x-y plane. The radius a of the small loop antenna is smaller than 
a wavelength (a <i). Loop antenna electric field is given Equation 5.14. Loop 
antenna magnetic field is given in Equation 5.15: 



(5.14) 


Hg= WVin 0 j (at . fi r) 


(5.15) 


4 r 


The variation of the radiation pattern with direction is sin 6, the same as dipole 
antenna. The fields of a small loop have the E- and //-fields switched relative to that 
of a short dipole. The E-field is horizontally polarized in the x-y plane. 
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The small loop is often referred to as the dual of the dipole antenna, because if a 
small dipole had magnetic current flowing (as opposed to electric current as in a reg- 
ular dipole), the fields would resemble that of a small loop. The short dipole has a 
capacitive impedance (imaginary part of the impedance is negative). The impedance 
of a small loop is inductive (positive imaginary part). The radiation resistance (and 
ohmic loss resistance) can be increased by adding more turns to the loop. If there 
are N turns of a small loop antenna, each with a surface area S, the radiation resistance 
for small loops can be approximated as given in Equation 5.16: 


31,329 N 2 S 2 

rad ~ 


(5.16) 


For a small loop, the reactive component of the impedance can be determined by 
finding the inductance of the loop. For a circular loop with radius a, and wire 
radius r, the reactive component of the impedance is given by Equation 5.17. 


X = lnci/fi 




(5.17) 


Loop antennas behave better in vicinity of the human body than dipole antennas. 
The reason is that the electric near fields in dipole antenna are very strong. For 1, 
the dominant component of the field vary as 1/r 3 . These fields are the dipole near 
fields. In this case the waves are standing waves and the energy oscillate in the antenna 
near zone and are not radiated to the open space. The real part of the pointing vector 
equal to zero. Near the body the electric fields decays rapidly. However, the magnetic 
fields are not affected near the body. The magnetic fields are strong in the near field of 
the loop antenna. These magnetic fields give rise to the loop antenna radiation. The 
loop antenna radiation near the human body is stronger than the dipole radiation near 
the human body. Several loop antennas are used as “wearable antennas.” 
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5.4.2 Printed Loop Antenna 

The diameter of a printed loop antenna is around half wavelength. Loop antenna is 
dual to a half-wavelength dipole. Several loop antennas was designed for medical sys- 
tems at frequency range between 400 and 500 MHz. In Figure 5.14 a printed loop 
antenna is presented. The antenna was printed on FR4 with 0.5 mm thickness. The 
loop diameter is 45 mm. The loop antenna VSWR is around 4:1. The printed loop 
antenna radiation pattern at 435 MHz is shown in Figure 5.15. The loop antenna gain 
is around 1.8dBi. The antenna with a tuning capacitor is shown in Figure 5.16. The 
loop antenna VSWR without the tuning capacitor was 4:1. This loop antenna may be 


FIGURE 5.14 Printed loop antenna. 
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FIGURE 5.15 Printed loop antenna radiation pattern at 435 MHz. 
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FIGURE 5.16 Tunable loop antenna without ground plane. 



FIGURE 5.17 Computed Sn of loop antenna, without ground plane, with a tuning 
capacitor. 


tuned by adding a capacitor or varactor as shown in Figure 5.17. Matching stubs are 
employed to tune the antenna to the resonant frequency. Tuning the antenna allows us 
to work in a wider bandwidth as shown in Figure 5.18. Loop antennas are used as 
receive antennas in medical systems. The loop antenna radiation pattern on human 
body is shown Figure 5.19. 

The computed 3D radiation pattern and the coordinate used in this chapter are 
shown in Figure 5.19. 
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Linear polarization 


E co E cross 




z A 



FIGURE 5.19 Loop antenna 3D radiation pattern. 


5.4.3 RFID Loop Antennas 

RFID loop antennas are widely used. Several RFID loop antennas are presented in 
Ref. [10]. RFID loop antennas have low efficiency and narrow bandwidth. As an 
example the measured impedance of a square four-turn loop at 13.5 MHz is 0.47 + 
/107.5 Q. A matching network is used to match the antenna to 50 0. The matching 
network consists of a 56 pF shunt capacitor, 1 kO shunt resistor, and another 56 pF 
capacitor. This matching network has narrow bandwidth. The antenna is printed on 
a FR4 substrate. The antenna dimensions are 32 x 52.4 x 0.25 mm. The antenna lay- 
out is shown in Figure 5.20. A photo of the RFID antenna is shown in Figure 5.21. S \ \ 
results of the printed loop antenna are shown in Figure 5.22. The antenna Sn param- 
eter is better than -9.5dB without an external matching network. The computed radi- 
ation pattern is shown in Figure 5.23. The RFID antenna beamwidth is around 160°. 


5.4.4 New Loop Antenna with Ground Plane 

A new loop antenna with ground plane has been designed on Kapton substrates with 
relative dielectric constant of 3.5 and thickness of 0.25 mm. The antenna is presented 


Magnitude (dB) 


32.000 mm 



FIGURE 5.20 A square four-turn loop antenna. 



FIGURE 5.21 Four-turn 13.5 MHz loop rectangular antenna. 



Frequency 


FIGURE 5.22 RFID loop antenna computed Sn results. 
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E co E cross 




in Figure 5.24. Matching stubs are employed to tune the antenna to the resonant fre- 
quency. The loop antenna with ground plane diameter is 45 mm. The antenna was 
designed by employing ADS software. The antenna center frequency is 427 MHz. 
The antenna bandwidth for VSWR better than 2 : 1 is around 12% as shown in 
Figure 5.25. The printed loop antenna radiation pattern at 435 MHz is shown in 
Figure 5.26. The loop antenna gain is around 1.8dBi. The loop antenna with ground 
plane beamwidth is around 100°. 

Printed loop antenna with ground plane with shorter tuning stubs is presented 
in Figure 5.27. The loop antenna with ground with shorter tuning stubs plane 



Frequency (MHz) 


FIGURE 5.25 Computed Sn of loop antenna with ground plane. 
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Theta 

FIGURE 5.26 Radiation pattern of loop antenna with ground plane. 



FIGURE 5.27 Printed loop antenna with ground plane and short tuning stubs. 
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Frequency (MHz) 

FIGURE 5.28 Radiation pattern of loop antenna with ground plane. 


E co E cross 



Theta 

FIGURE 5.29 Radiation pattern of loop antenna with ground plane. 


diameter is 45 mm. The antenna center frequency is 438 MHz. The antenna 
bandwidth for VSWR better than 2:1 is around 12% as shown in 
Figure 5.28. The printed loop antenna with shorter tuning stubs radiation pattern 
at 435 MHz is shown in Figure 5.34. The loop antenna gain is around 1.8dBi. 
The loop antenna with ground plane beamwidth is around 100°. The printed loop 
antenna with shorter tuning stubs 3D radiation pattern at 430 MHz is shown in 
Figures 5.29 and 5.30. 
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300 330 

FIGURE 5.30 3D radiation pattern of loop antenna with ground plane. 



FIGURE 5.31 Wire seven-turn loop antenna. 


5.5 WIRED LOOP ANTENNA 


A wire seven-turn loop antenna is shown in Figure 5.31. The antenna length / = 4.5 mm. 
The loop diameter is 3.5 mm. Equation 5.18 is an approximation to calculate the 
inductance value for air coil loop antenna with N turns, diameter r , and length /: 


T , m 3.94r mm A 2 0.1 WV 2 

L ( nH ) = I = » 

0.9- + 1 0.9- + 1 

r r 


(5.18) 


An approximation to calculate the inductance value for air coil loop antenna with 
N turns, diameter r, and length / is given in Equation 5.19: 


r z N 

, mm 


L(nH) 


21 + r 


(5.19) 
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FIGURE 5.32 Wire loop antenna on PCB board. 

For length / = 4.5 mm, wire diameter 0.6 mm, loop diameter 3.5 mm, and N=l, the 
inductance is around L = 52 nH. The quality factor of this seven-turn wire loop 
is around 100. 

For length 1=1.1 mm, wire diameter 0.6 mm, loop diameter 6.5 mm, and N=2, the 
inductance is around L = 45 nH. 

For length 1 = 2 mm, wire diameter 0.6 mm, loop diameter 7.62 mm, and N=2, the 
inductance is around /, = 42. 1 nH. 

For length / = 0.5 mm, wire diameter 0.6 mm, loop diameter 7 mm, and N = 2, the 
inductance is around L = 87 nH. 

For length / = 2.5 mm, wire diameter 0.6 mm, loop diameter 5 mm, and N=2, the 
inductance is around L = 20.7 nH. 

The wire loop antenna has very low radiation efficiency. The amount of power 
radiated is a small fraction of the input power. The antenna efficiency is around 
0.01%, -41dB. The ratio between the antenna’s dimension and wavelength is around 
1 : 100. Small antennas are characterized by radiation resistance R r . The radiated 
power is given by I 2 R r , where I is the current through the coil. Remember that the 
current through the coil is Q times the current through the antenna. For example, 
for current of 2 mA and Q of 20, if R r = 1 0 -3 Q, the radiated power is around -32dBm. 

Figure 5.32 presents a wire loop antenna with 2.5 turns on a PCB board. 
Figure 5.33 presents a wire loop antenna with seven turns on a PCB board. 


5.6 RADIATION PATTERN OF A LOOP ANTENNA NEAR 
A METAL SHEET 

E and H plane 3D radiation pattern of a wire loop antenna in free space is shown in 
Figure 5.34. 

E and H plane 3D radiation pattern of a wire loop antenna near a metal sheet as 
shown in Figure 5.35 was computed by employing HFSS software. 
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FIGURE 5.34 E and H plane radiation pattern of loop antenna in free space. 


Figure 5.36 presents the E and H plane radiation pattern of loop antenna for dis- 
tance of 30 cm from a metal sheet. We can see that a metal sheet in the vicinity of the 
antenna split the main beam and creates holes of around 20dB in the radiation 
pattern. 

Figure 5.37 presents the E and //plane radiation pattern of loop antenna located 10 
cm from a metal sheet as presented in Figure 5.38. We can see that a metal sheet in the 
vicinity of the antenna split the main beam and creates holes up to 15dB in the 
radiation pattern. 



FIGURE 5.35 Loop antenna located near a metal sheet. 



FIGURE 5.36 E and H plane radiation pattern of a loop antenna for distance of 30 cm from a 
metal sheet. 



FIGURE 5.37 Loop antenna located 10 cm from a metal sheet. 
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FIGURE 5.38 E and H plane radiation pattern of a loop antenna for distance of 10 cm from a 
metal sheet. 


5.7 PLANAR INVERTED-F ANTENNA 

The planar inverted-F antenna (PIFA) possess attractive features such as low profile, 
small size, and low fabrication costs [16-18]. PIFA antenna bandwidth is higher than 
the bandwidth of the conventional patch antenna, because the PIFA antenna thickness 
is higher than the thickness of patch antennas. The conventional PIFA antenna is a 
grounded quarter wavelength patch antenna. The antenna consists of ground plane, 
a top plate radiating element, feed wire, and a shorting plate or via holes from the 
radiating element to the ground plane as shown in Figure 5.39. 

The patch is shorted at the end; the fringing fields that are responsible for radiation 
are shorted on the far end, so only the fields nearest the transmission line radiate. Con- 
sequently, the gain is reduced, but the patch antenna maintains the same basic proper- 
ties as a half-wavelength patch. However the antenna length is reduced by 50%. The 
feed location may be placed between the open and shorted end. The feed location 
controls the antenna input impedance. 

5.7.1 Grounded Quarter Wavelength Patch Antenna 

A grounded quarter wavelength patch antenna was designed on FR4 substrate with 
relative dielectric constant of 4.5 and 1.6 mm thickness at 3.85 GHz. The antenna 
is shown in Figure 5.40. The antenna was designed by using ADS software. The 
antenna dimensions are 34 x 17 x 1.6 mm. Sn results of the antenna are shown in 
Figure 5.41 . The antenna bandwidth is around 6% for VSWR better than 3 : 1 without 
a matching network. The radiation pattern is shown in Figure 5.42. The antenna beam- 
width is around 76°. The grounded quarter wavelength patch antenna gain is around 
6.7dBi. The antenna efficiency is around 92%. 

5.7.2 A New Double Layers PIFA Antenna 

A new double layers PIFA antenna was designed. The first layer is a grounded quarter 
wavelength patch antenna printed on FR4 substrate with relative dielectric constant of 
4.5 and 1.6 mm thickness. The second layer is a rectangular patch antenna printed on 
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FIGURE 5.39 Conventional PIFA antenna. 



FIGURE 5.40 Grounded quarter wavelength patch antenna. 


Su 



FIGURE 5.41 


Grounded quarter wavelength patch antenna S u results. 
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FIGURE 5.42 Grounded quarter wavelength patch antenna radiation pattern. 


FIGURE 5.43 Double layers PIFA antenna. 


Duroid substrate with relative dielectric constant of 2.2 and 1.6 mm thickness. The 
antenna is shown in Figure 5.43. The antenna was designed by employing ADS soft- 
ware. The antenna dimensions are 34 x 17 x 3.2 mm. .S'| | results of the antenna are 
shown in Figure 5.44. The antenna is a dual-band antenna. The first resonant 
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FIGURE 5.44 Double layers PIFA antenna Sj i results. 
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Theta (-90.000 to 90.000) 

FIGURE 5.45 Double layers PIFA antenna radiation pattern. 
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frequency is 3.48 GHz. The second resonant frequency is 4.02 GHz. The radiation 
pattern is shown in Figure 5.45. The antenna beam width is around 74°. The antenna 
gain is around 7.4dBi. The antenna efficiency is around 83.4%. 
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6.1 18-40 GHz COMPACT RF MODULES 

Compact wideband RF modules are crucial in mm-wave direction finding, radars, see- 
kers, and communication systems. Compact 1 8-40 GHz direction finding system is 
shown in Figure 6.1. Figures 6.2 and 6.3 present the block diagram of an 18-40 
GHz direction finding system. The direction finding system consists of 14 direction 
finding front-end modules, two omnidirectional front-end modules, switch filter bank 
(SFB) modules, Frequency Source Unit (FSU), and downconverter units. RF compo- 
nents and modules are presented in books and papers (see Refs. [1—1 0]). 

Figure 6.4 presents the block diagram of a 6-18 GHz up-/downconverter unit. The 
up-/downconverter unit consists of low noise amplifiers, 6-18 GHz switch filter bank 
modules, FSU, and downconverter units. 


6.2 18-40 GHz FRONT END 

Development and design considerations of a compact wideband 1 8-40 GHz front end 
are described in this section. The RF modules and the system were designed by using 
ADS software and momentum RF software. There is a good agreement between 
computed and measured results. 


Wideband RF Technologies and Antennas in Microwave Frequencies , First Edition. Dr. Albert Sabban. 
©2016 John Wiley & Sons, Inc. Published 2016 by John Wiley & Sons, Inc. 
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FIGURE 6.1 Direction finding system. 


6.2.1 18-40 GHz Front-End Requirements 

The front-end electrical specifications are listed in Table 6.1. The front-end design 
presented in this section meets the front-end electrical specifications. 

6.2. 1.1 Physical Characteristics: Interfaces and Connectors 


Interface 

Type 

RF input 

Waveguide WRD180 (double ridge) 

RF output 

K connector 

DC supply 

D type 

Control 

D type 


Dimensions: 60 x 40 x 20 mm 


6.2.2 Front-End Design 

Front-end block diagram is shown in Figure 6.5. The front-end module consists of a 
limiter and a wideband 18-40 GHz, filtronic, low noise amplifier LMA406. The 
LMA406 gain is around 12dB with 4.5dB noise figure and 14dBm saturated output 
power. The LNA dimensions are 1 .44 x 1 . 1 mm. We used a wideband PHEMT MMIC 
SPDT manufactured by Agilent, AMMC-2008. The SPDT insertion loss is lower than 
2dB. The isolation between the SPDT input port and the output ports is better than 
25dB. The SPDT ldBc compression point is around 14dBm. The SPDT dimensions 
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are 1 x 0.7 x 0. 1 mm. The front-end electrical characteristics were evaluated by using 
Agilent ADS software and by using SYSCAL software. Figure 6.6 presents the 
front-end module noise figure and gain for LNA noise figure of 6dB. The overall 
computed module noise figure is 9.46dB. The module gain is 21dB. Figure 6.7 pre- 
sents the front-end module noise figure and gain for LNA noise figure of 5.5dB. 
The overall computed module noise figure is 9.25dB. The module gain is 21dB. 
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FIGURE 6.3 Interface and block diagram of an 18-40 GHz direction finding system. 
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Down/upconverter 



FIGURE 6.4 Block diagram of a 6-18 GHz up-/downconverter unit. 


The MMIC amplifiers and the SPDT are glued to the surface of the mechanical 
box. The MMIC chips are assembled on covar carriers. During development it was 
found that the spacing between the front-end carriers should be less than 0.03 mm 
in order to achieve flatness requirements and VSWR better than 2:1. 

The front-end voltage and current consumption are listed in Table 6.2. The front- 
end module has high gain and low gain channels. The gain difference between high 
gain and low gain channels is around 15-20dB. Measured front-end gain is presented 
in Figure 6.8. The front-end gain is around 20±4dB for the 1 8—40 GHz fre- 
quency range. 
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TABLE 6.1 Front-End Electrical Specifications 


Parameter 

Requirements 

Performance 

Frequency range 

18-40 GHz 

Comply 

Gain 

24/3dB typical, switched by external control. 

(-40dB or lower for OFF state); gain response 
versus frequencies will be defined by designer as 
soon as possible (TBD) 

Comply 

Gain flatness 

±0.5dB max. for any 0.5 GHz BW in 18-40 GHz. ±2dB 
max. for any 4 GHz BW in 18-40 GHz. ±3dB max. 
for the whole range 1 8^-0 GHz 

Comply 

Noise figure (high 
gain) 

lOdB max. for 40°C baseplate temperature; 1 ldB over 
temperature 

Comply 

Input power range 

-60 to lOdBm 

Comply 

Output power 

-39 to 11 dBm not saturated; 13dBm saturated 

Comply 

range 

Linearity 

Output ldB compression point at 12dBm min. 

Third intercept point (Ip3) at 21dBm single 
tone second harmonic power -25dBc max. 
for lOdBm output 

Comply 

VSWR 

2: 1 

Comply 

Power input 
protection 

No damage at +30dBm CW and +47dBm pulses (for 
average power higher than 30dBm) input power at 
0.1-40 GHz. Test for pulses: PW = 1 ps, PRF = 1 kHz 

Comply 

Power supply 

±5 V, ±15 V 

Comply 

voltages 

Control logic 

LVTTL standard “0” = 0-0.8 V; “1” = 2.0-3.3 V 

Comply 

Switching time 

Less then 100 ns 

Comply 

Nonharmonic 

spurious 

-50dBm max. (when it isn’t correlative with the input 
signals) 

Comply 

(output) 

Video leakage 

Video leakage signals will be below the RF output level 
for terminated input 

Comply 

Dimension 

60 x 40 x 20 mm 

Comply 



FIGURE 6.5 Front-end block diagram. 
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Systeml 


Limiter LMA406 LMA406 SPDT Attenuator LMA406 
Filtronic Filtronic Filtronic 



Total 


NF (dB) 

3.00 

6.00 

6.00 

3.00 3.00 

6.00 

9.46 

Gain (dB) 

-3.00 

10.00 

10.00 

-3.00 -3.00 

10.00 

21.00 

OIP3 (dBm) 

30.00 

25.00 

25.00 

30.00 30.00 

25.00 

23.14 

Input pwr (dBm) 

-60.00 

System temp (K) 

290.00 

IM offset (MHz) 

0.025 


OIP2 (dBm) 

23.14 

OIP3 (dBm) 


23.14 

Output PI dB (dBm) 11.37 


IIP2 (dBm) 

2.14 

IIP3 (dBm) 


2.14 

Input PldB (dBm) 

-8.63 


OIM2 (dBm) 

-101.14 

OIM3 (dBm) 


-163.28 

Compressed (dB) 

0.00 


ORR2 (dB) 

62.14 

ORR3 (dB) 


124.28 

Gain, actual (dB) 

21.00 


IRR2 (dB) 

31.07 

IRR3 (dB) 


41.43 




SFDR2 (dB) 

61.34 

SFDR3 (dB) 


81.79 

Gain, linear (dB) 

21.00 


AGC controlled range: 

Min input (dBm) 

N/A 

Max input (dBm) 

N/A 



FIGURE 6.6 Front-end module design for LNA NF = 6dB. 


Systeml 


Limiter LMA406 Attenuator LMA406 SPDT Attenuator LMA406 
Filtronic Filtronic Filtronic 


35e3 MHz 


m— o — m— o — e — e — o- 


NF (dB) 

3.00 

5.50 3.00 

Gain (dB) 

-3.00 

10.50 -3.00 

OIP3 (dBm) 

30.00 

25.00 30.00 

Input pwr (dBm) 

-60.00 

System temp (K) 

OIP2 (dBm) 

24.04 

OIP3 (dBm) 

IIP2 (dBm) 

3.04 

IIP3 (dBm) 

OIM2 (dBm) 

-102.04 

OIM3 (dBm) 

ORR2 (dB) 

63.04 

ORR3 (dB) 

IRR2 (dB) 

31.52 

IRR3 (dB) 

SFDR2 (dB) 

61.90 

SFDR3 (dB) 

AGC controlled range: 


Min input (dBm) 


5.50 

3.00 1.00 

5.50 

Total 

9.25 

10.50 

-3.00 -1.00 

10.00 

21.00 

25.00 

30.00 30.00 

25.00 

23.61 

290.00 

IM offset (MHz) 

0.025 


23.61 

Output PldB (dBm) 

11.74 


2.61 

Input PldB (dBm) 

-8.26 


164.23 

Compressed (dB) 

0.00 


125.23 

Gain, actual (dB) 

21.00 


41.74 

82.24 

Gain, linear (dB) 

21.00 


N/A 

Max input (dBm) 

N/A 



FIGURE 6.7 Front-end module design for LNA NF = 5.5dB. 


TABLE 6.2 Front-End Module Voltage and Current Consumption 

Voltage (V) 3 5 -12 -5 5 digital 

Current (A) 0.25 0.15 0.1 0.1 0.1 


6.2.3 High Gain Front-End Module 

To achieve a high gain front-end module, a medium power Hittite MMIC amplifier, 
HMC283, was added to the front-end module presented in Figure 6.9. The HMC283 
gain is around 21dB with lOdB noise figure and 21dBm saturated output power. The 
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Front end transmission S 2 1 (dB) 



FIGURE 6.8 Measured front-end gain. 



FIGURE 6.9 High gain front-end block diagram. 


amplifier dimensions are 1.72 x 0.9 mm. The high gain front-end module block dia- 
gram is shown in Figures 6.9 and 6.10. The front-end module has high gain and low 
gain channels. The gain difference between high gain and low gain channels presented 
in Figure 6.9 is around 15-20dB. The gain difference between high gain and low gain 
channels presented in Figure 6.10 is around 10-15dB. Detailed block diagram of high 
gain module is shown in Figure 6.1 1. 

6.2.4 High Gain Front-End Design 

The high front-end electrical characteristics were evaluated by using Agilent ADS 
software and by using SYSCAL software. Figure 6.12 presents the front-end module 
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Front end option2 



DC card 


FIGURE 6.10 High gain front-end block diagram with amplifier in the low gain channel. 


Front end block diagram 



FIGURE 6.11 Detailed block diagram high gain front end. 
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System 1 


CONNECTOR Limiter Cupler+TRL lmp406 2 spdt+TRL lmp406 att hmc283 

+TRL+ aduptor 

-a — m — o — m — o — m — 1> — m — o — , 

Total 


Gain (dB) 

-3.00 

0.50 

9.50 

-0.50 

9.50 

-6.00 

9.50 

-6.00 

20.00 

-0.70 

32.48 

OPldB (dBm) 

49.00 

50.00 

10.00 

50.10 

10.00 

50.00 

10.00 

50.00 

14.00 

50.00 

13.30 

NF (dB) 

3.00 

0.50 

5.00 

0.50 

5.00 

6.00 

5.00 

6.00 

13.00 

0.70 

8.94 

Po (dBm) 

-33.00 

-32.50 

-23.00 

-23.50 

-14.00 

-20.16 

-10.66 

-16.82 

3.18 

2.48 


Pcomp (dB) 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 


NF+ (dB) 

0.59 


2.93 


0.28 

0.04 

0.13 

0.02 

0.54 




Input pwr (dBm) -30.00 System temp (K) 298.00 
20 


10 

£ 0 
-10 
-20 

-50 -40 -30 -20 -10 0 10 

Input power (dBm) 

FIGURE 6.12 Front-end module design for LNA NF = 9.5dB. 







* 


Total 


NF (dB ) 

3.50 

5.00 

5.00 

5.00 

6.00 

9.00 

10.02 

Gain (dB) 

-3.50 

11.00 

-5.00 

11.00 

-6.00 

22.00 

29.50 

OIP3 (dBm) 


20.00 


20.00 


20.00 

19.87 

NF+ (dB) 


2.85 


0.56 


0.57 


Po (dBm) 

-63.50 

-52.50 

-57.50 

-46.50 

-52.50 

-30.50 



Input pwr (dBm) -60.00 System temp (K) 290.00 


FIGURE 6.13 Front-end module design for LNA NF = 5dB. 


noise figure and gain for LNA noise figure of 9.5dB. The overall computed module 
noise figure is 13.3dB. The module gain is 32.48dB. Figure 6.13 presents the front- 
end module noise figure and gain for LNA noise figure of 5dB. The overall computed 
module noise figure is KMB. The module gain is 29.5dB. 

Measured results of front-end modules are listed in Table 6.3. HMC283 assembly 
is shown in Figure 6.14. A photo of the front end is shown in Figure 6.15. Performance 
and cost of available mm-wave RF components are listed in Table 6.4. Costs of avail- 
able MMIC and MIC mm-wave RF components are listed in Table 6.5. There is a 
good agreement between computed and measured results. 

A photo of the compact wideband 1 8-40 GHz RF modules is shown in Figure 6.16. 


TABLE 6.3 Measured Results of Front-End Modules 


Parameter 

DF6 

DF4 

DF3 

DF2 

DF1 

OMNI02 

OMNI01 

High gain max. 

31 

32 

32.5 

32.5 

31 

31.5 

32 

High gain min. 

26 

26 

27.5 

27 

26 

28.5 

28 

High gain avg. 

29 

29 

29 

29 

29 

30 

30 

Amp. bal. 

5 

6 

5 

5 

4 

3 

4 

Sn (dB) 

4.5 

5 

5 

5 

5 

5 

4 

S 22 (dB) 

7.5 

6 

5 

6 

5 

7 

6 

Isolation (dB) 

9 

9 

10 

10 

6.5 

21.5 

22.5 

Low gain max. 

19 

18 

17 

17 

17 

16.5 

18 

Low gain min. 

13 

10 

7.5 

12 

12 

10.5 

11 

Low gain avg. 

15 

14 

12 

14 

14 

13.5 

14.5 

Amp. bal. 

6 

8 

9.5 

5 

5 

6 

7 

PIDb 30 GHz 

11.6 

11.93 

11.7 

11.4 

10.9 

14 

15.96 

PIDb 40 GHz 

13.96 

14.5 

15.58 

15.28 

14 

14.48 

16.8 

NF 30 GHz 

8.68 

9.48 

8.65 

8.45 

10.5 

8.14 

8.75 

NF 40 GHz 

9.28 

10.1 

8.64 

9.17 

10.24 


8.75 


RF in 



FIGURE 6.14 HMC283 assembly. 



FIGURE 6.15 1 8-40 GHz front-end module. 





--h oo rj in 

<n odd 


o o <n • • 

l> 00 <N 'O 


o o o o o 

t nn 

00 oo oo oo oo 


° ^ 12 o 
oo J t ^ 
’-h C/3 Ch CN 


OC 

< - 

rs H Xi 

2 u > « 

<L> > r/ 

a ctf P5 OJ 

<d > ^ y 

50 P h o 

r~ r? D </: 





Cost of Available mm-Wave RF Components 


LT) 


W 

CQ 

< 


H 


Tj-fNOOOOOOOOOOO 

cN-^j-oooooooooooino 
\o \o m t 
■ — — CJ CJ (N M 


B ° 

H Q 


§ § 1 § § 


.5 .S .£ .£ .S .£ (j (j 

oopooo^^ 


SSq^qqqqqqSS 


< 

r- 

£ ON o 

2 o g 

5 <N 00 

< < ^t- 

SIU 

j u a 


^ if o 


wgas 

QDg 0 !"^ 1 ?^ 

pieiKoirtSIS!^ 


■sl®JS-S-S§§§§§§ It 

.* c<<c.^.^QQQQQQ & ^ 
£ oZZ.S £ £ j j j j j j § S 
WUhJJJWWG.ClQ < a < QHCiH<< 


-T 3 -T 3 73 £ > 

C G C O O 

<D <D <D ^ ^ 73 

S S S C /3 Oh Oh 

2 £ £ 6; £: -5-5 

** c tqcQD 5 DDpppD 

PtfP£OiljOCOpHCl-.pHpHpHpHpHlX, 


22180 





154 


MIC AND MMIC MILLIMETER-WAVE RECEIVING CHANNEL MODULES 




18-40 GHz compact wideband modules 


FIGURE 6.16 Photo of 18-40 GHz compact modules. 


6.3 18-40 GHz INTEGRATED COMPACT SWITCHED 
FILTER BANK MODULE 

6.3.1 Introduction 

Filter bank modules are an important unit in radar and communication links. The elec- 
trical performance of the filter bank determines if the system will meet the required 
specifications. Moreover in several cases the filter bank performance limits the system 
performance. This section describes the design and development of an integrated low- 
cost 18-40 GHz wideband compact filter bank module. Design and fabrication con- 
siderations are presented. The switched filter bank consists of three channels. The fil- 
ter consists of nine side coupled sections. Wideband MMIC switches are employed to 
select the required channel. The passband bandwidth of each channel is around 
8 GHz. The insertion loss is around 12dB with ±ldB flatness. The rejection at 
±7 GHz from center frequency is 40dB. The rejection at ±11 GHz from center 
frequency is around 60dB. The filter bank dimensions are 20 x 50 x 10 mm. 


6.3.2 Description of the Filter Bank 

The block diagram of the filter bank module is shown in Figure 6.17. The filter bank 
module consists of three wideband filters. The filter consists of nine side coupled 
sections printed on a 5 mil alumina substrate. The filter input and output ports are 
connected to wideband MMIC SPDT switches via l-2dB attenuators. The attenuators 
are employed to adjust each channel losses to the required value. The module losses 
are adjusted to be higher in the low frequencies and lower in the high frequencies. This 
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feature improves the system flatness over the frequency range. The filters are glued to 
the surface of the mechanical box. The input and output switches are assembled on a 
covar carrier. During development it was found that the spacing between the filters and 
the carrier should be less than 0.03 mm in order to achieve ±ldB flatness and VSWR 
better than 2:1. 

6.3.3 Switch Filter Bank Specifications 


Parameter 

Requirements 

Frequency range 

18^10.1 GHz 

Number of channels 

3 

Channel passband 

8 GHz 

Rejection 

40dB min. at F0±8 GHz 


50dB min. atF0±llGHz 

Flatness 

±1.2dB max. for 4 GHz 

I.L 


CH-1 

12-14. 5dB 

CH-2 

10.5-13. 5dB 

CH-3 

9-1 2dB 

Switching time 

100 ns 

Input power 

25dBm max. 

VSWR 

2.5 : 1 max. 

Control 

2 LVTTL lines 

Power supply voltages 

±5 VDC heat dissipation, 1 W max. 

Dimension 

50x20x 10 mm 


6.3.4 Filter Design 

The filters have been designed by employing AWR and ADS software. Single filter 
response requirements are presented in Figure 6.18. The SFB expected frequency 
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response is listed in Table 6.6 and presented in Figure 6.19. Comparison between dis- 
crete and integrated designs is presented in Table 6.7. The filter consists of side 
coupled sections printed on a 5 mil alumina substrate. We applied optimization tools 
to determine the number of sections and filter configuration needed to meet the spe- 
cifications. The computed results of the filters are shown in Figures 6.20, 6.21, 6.22, 



TABLE 6.6 Switch Filter Bank Requirements 


CH 

(GHz) 

Rejection 

-60dB 

Rejection 

-40dB 

Passband 

-3dB 

Passband 

-3dB 

Rejection 

-40dB 

Rejection 

-60dB 

CH-1 

10.1 

14 

17.9 

25.7 

29.6 

33.5 

CH-2 

17.3 

21.2 

25.1 

32.9 

36.8 

40.7 

CH-3 

24.5 

28.4 

32.3 

40.1 

44 

47.9 



TABLE 6.7 Comparison between Discrete and Integrated Designs 


Parameter Design 

Dimension (cm) 

Weight (kg) 

Price (K$) 

Integrated 

5.5 x 2.5 x 1.5 

0.05 

2.2 

Discrete 

12x6x3 

1 

10 


CH-1 FILTER 



FIGURE 6.20 S parameters for filter 1 . 

CH-2 FILTER 



FIGURE 6.21 S parameters for filter 2. 
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CH-3 FILTER 



FIGURE 6.22 5 parameters for filter 3. 


Systeml 


SPDT Filter bank Attenuator 


SPDT 


Attenuator 



Input pwr (dBm) 
0IP2 (dBm) 

IIP2 (dBm) 
0IM2 (dBm) 
0RR2 (dB) 

IRR2 (dB) 
SFDR2 (dB) 


-60.00 

16.42 

25.43 
-154.44 

85.43 
42.72 
45.68 


AGC controlled range: 

FIGURE 6.23 


System temp (K) 
OIP3 (dBm) 

IIP3 (dBm) 
OIM3 (dBm) 
ORR3 (dB) 

IRR3 (dB) 
SFDR3 (dB) 

Min input (dBm) 


290.00 IM offset (MHz) 
20.32 Output PI dB (dBm) 
29.34 Input PI dB (dBm) 
-247.69 Compressed (dB) 
178.67 Gain, actual (dB) 
59.56 

63.52 Gain, linear (dB) 
N/A Max input (dBm) 


Total 

9.01 

-9.01 

20.32 

0.025 

5.47 

15.48 

0.00 

-9.01 

-9.01 

N/A 


Switch filter bank analysis results. 


and 6.23. The sensitivity of the design to substrate tolerances such as height and die- 
lectric constant has been optimized. We fabricated the filter configuration that was less 
sensitive to production tolerances (Fig. 6.26). 

Figure 6.24 presents the filter bank computed Si i and .S 2 | parameters by using ADS 
software. Figure 6.25 presents the expanded S 12 computed results of the filter bank. 


dB(sfbl..S(l,l)) dB(sfbl_2..S(l,l)) dB(S(l,l)) 



(b) 



10 15 20 25 30 35 40 45 50 55 


Frequency (GHz) 


Frequency (GHz) 


FIGURE 6.24 (a) SFB S n computed results, (b) S 21 SFB computed results. Si 2 = S 21 


((rns'T iqjsiap — ' 16.205 
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Frequency (GHz) 


FIGURE 6.25 Switch filter bank S 12 computed results. 



FIGURE 6.26 SFB layout. 
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FIGURE 6.27 SFB picture. 



FIGURE 6.28 Switch filter bank measured results of unit number 1. 


Figure 6.26 presents the filter bank layout. Figure 6.27 shows a picture of the switched 
filter bank. We received a good agreement between the computed and measured 
results. Figure 6.28 presents the switch filter bank measured .S 2 | results of the first unit 
measured during the production process. 

Figure 6.29 presents the measured S , 2 parameter of filter 2 during the production 
process. Figure 6.30 presents the measured S l2 parameter of the switch filter bank 
as measured in the production line. Figure 6.31 presents the measured Sn parameter 
of the switch filter bank as measured in the production line. The switch filter bank 
losses at low frequencies are around 12dB, and at the high frequencies they are around 


0 


Filter 2 



0.01 10 20 30 40 50 

Frequency (GHz) 

FIGURE 6.29 Measured S parameters for filter 2. 



5 10 15 20 25 30 35 40 45 50 


Frequency (GHz) 

FIGURE 6.30 Switch filter bank measured S 12 results. 


Switch filter bank 
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sbf 



FIGURE 6.32 Switch filter bank detail of measured S i2 results. 


9dB. Figure 6.32 presents the detailed measured .S' 1 1 parameter of the switch fil- 
ter bank. 

In this section we presented the design and performance of a new compact and low- 
cost switched filter bank module. The filter passband bandwidth is around 8 GHz. The 
switched filter bank insertion loss is around 9.5dB in the high-frequency range and 
12dB in the low-frequency range. The filter flatness is better than ±ldB. The rejection 
at ±7 GHz from center frequency is 40dB. The rejection at ±11 GHz from center 
frequency is better than 55dB. More details and measured results will be presented 
during the conference. 


6.4 FSU PERFORMANCE 

The FSU consists of six fixed frequency source in mm-wave 18-40 GHz. Frequency 
is selected by an external control unit. 


6.4.1 FSU Requirements 

The FSU electrical specifications are listed in Table 6.8. The FSU design and fabri- 
cation process meet all the specifications. 
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TABLE 6.8 Electrical Requirements 


Parameter 

Requirements 

Output discrete frequencies 

2 mm-wave outputs required. 

LOl: 18800 MHz 

first LO output and second 

L02: 22400 MHz 

BIT output 

L03: 26000 MHz 

Freq. selected by external 

L04: 32000 MHz 

control 

L05: 35600 MHz 

L06: 39200 MHz 

Leakage of other frequencies 

-55dBc min., -45dBc min. else. For BIT output not active 

(when LO output is active) 

Output power for LO output 

LOl: 18800MHz 

+ 15.0dBm± ldB 

L02: 22400MHz 

+ 15.2dBm± ldB 

L03: 26000MHz 

+ 15.4dBm± ldB 

L04: 32000MHz 

+ 15.6dBm± ldB 

L05: 35600MHz 

+ 15.8dBm± ldB 

L06: 39200MHz 

+ 16.0dBm± ldB 

Output power for BIT 
output 

LOl: 18800MHz 

+5.0dBm± ldB 

L02: 22400MHz 

+5.2dBm± ldB 

L03: 26000MHz 

+5.4dBm± ldB 

L04: 32000MHz 

+5.6dBm± ldB 

L05: 35600MHz 

+5.8dBm± ldB 

L06: 39200MHz 

+6.0dBm± ldB 

Output power stability/ripple 

AC component of amplitude ripple in frequency range 

100 Hz to 100 MHz shall be less than -60dBm 

Isolation between 2 mm-wave 

35dB min. 

active outputs 

Input power reference 

-ldBm± ldB 

(200 MHz) 

FSU BIT output voltage 

On status 0.2-0.6 mV/pW (TBD) 

(video) 

Off status (noise) 0.1 mV max. 

Load VSWR; impedance 50 Q 

2.0 : 1 max. 

Switching speed 

200 ns max. 

Spurious 

-60dBc (max.) for frequency range 9-15 GHz. Outside this 
band can be -50dBc 

Harmonics 

-30dBc (max.) 

Subharmonics 

-60dBc (max.) for subharmonics freq. range 10-14 GHz 

Phase noise LOl 

100 Hz offset: reference noise + 201og(/V) +6 (dBc/Hz) max. 
1 kHz offset: reference noise + 201og(/V) +6 (dBc/Hz) max. 
10 kHz offset: reference noise + 201og(/V) +6 (dBc/Hz) max. 
100 kHz offset: -llOdBc/Hz max. 

1 MHz offset: -130dBc/Hz max. 

*N = (LO freq.)/(ref freq.) 
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TABLE 6.8 ( Continued ) 


Parameter 

Requirements 

Phase noise L02 

Same as LOl 

Phase noise L03 

Same as LOl 

Phase noise L04 

100 Hz offset: reference noise + 201og(AO +6 (dBc/Hz) max. 
1 kHz offset: reference noise + 201og(lV) +6 (dBc/Hz) max. 
10 kHz offset: reference noise + 201og(A0 +6 (dBc/Hz) max. 
100 kHz offset: -lOOdBc/Hz max. 

1 MHz offset: -120dBc/Hz max. 

Phase noise L05 

Same as L04 

Phase noise L06 

Same as L04 

Reference signal (for 

External 200 MHz 

information only) 

Temperature stability 0. 1 ppm 

Aging 0.1 ppm/year 

Phase noise 

Offset 100 Hz: -llOdBc/Hz min. 

Offset 1 kHz: -125dBc/Hz min. 

Offset 50 kHz: -130dBc/Hz min. 

Load VSWR — no damage 

The unit shall withstand without damage any load VSWR at 
any phase including short and open 

Control logic; logic states 

LVTTL standard 

“0” = 0-0.8 V, “1" = 2. 0-3. 3 V 

5 bits for control 

0-3 bits (LSBs): state selection input 

4-9 bits: PLDRO locked indication 

Power supply input ripple 

Up to 300 mVp-p at 0.05 3- 400 MHz (for ±12 VDC) 

Up to 100 mVp-p at 0.05 3- 400 MHz (for ±5 VDC) 

Heat dissipation 

25 W max. 


6.4.1. 1 Electrical Specifications The FSU block diagram is presented in 
Figure 6.33. The FSU consists of 6 PLDROs, dielectric resonators, switching matrix, 
logic unit, and amplifiers. 

The FSU conceptual and interface block diagram is shown in Figure 6.34. 


6.4.2 Electrical Interfaces and Connectors 

The FSU electrical interfaces are listed in Table 6.9. 


6.4.3 Environmental Conditions 


FSU environmental conditions are listed in Table 6.10. 
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Video mmWave 



mm- Wave Video 

BIT output BIT output 


FIGURE 6.33 FSU principle block diagram. 
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200 MHz BIT FSU BIT 

REF output 

FIGURE 6.34 FSU conceptual and interface block diagram. 


TABLE 6.9 FSU: Connectors and Interfaces 


Interface 

Type 

RF input (reference 200 MHz) 

SMA connector 

RF output mm-wave 2 

K connector 

Video outputs 

D type 

DC supply, control/status indication 
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TABLE 6.10 FSU Environmental Conditions 



Exposed Equipment 

Environmental Event 

ESM Antennas, MBAT Antennas, VHBT 

Temperature high 

Operating: +85°C 

MIL-STD-810D method: 501.2; procedure: II 
Nonoperating: +85°C 

MIL-STD-810D method: 501.2; procedure: I 

Temperature low 

Operating: -6°C 

MIL-STD-810D method: 502.2; procedure: II 
Nonoperating: -20°C 

MIL-STD-810D method: 502.2; procedure: I 

Humidity 

95% RH; 25-55°C noncondensing 
MIL-STD-810D method: 507.2; procedure: I 

Shock 

25 G 1 1 ms half sine for vertical 

12 G 1 1 ms half sine for lateral 

MIL-STD-810D method: 516.3 

Vibration 

MIL-STD-810F method: random vibrations 514.5 
Procedure: category 21; Figure 514.5C-15 

Test level: 0.3 g; 1-100 Hz 1 h each axis 


6.4.4 Input DC Voltages and Currents 

The FSU input DC terminals shall withstand the ripple levels listed in Table 6.11. 
±5 V to input: ±50mVptp. ±12 V input: ±100mVptp. 

TABLE 6.11 FSU: Voltage and Current Consumption: Preliminary 

Voltage (V) +5 V Digital +12 V Analog -12 V Analog +5 V Analog -5 V Analog 

Current (mA) 300 2000 300 1000 300 

Power (W) 1.5 24 3.6 5 1.5 


6.4.5 Electronic Compatibility 

The component shall be qualified to stand electronic compatibility requirements and 
shall meet the specification limits of the tests listed in Table 6.12. 

6.4.6 FSU Isolation 

FSU isolation is listed in Table 6.13. 

6.4.7 Built-in Test 

The FSU has the following support built-in test (BIT) facilities. PLDRO locked indi- 
cation (6 bits) is an indication for proper operation of the 6 LOs — “1” when the spe- 
cific LO is locked. For RF output for BIT, see Figure 6.34. For video detection of the 
RF output, see Figure 6.34. 
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TABLE 6.12 EMI Test Requirements 

Test Description 

CE01 Conducted emissions, power leads (30 Hz to 15 kHz) 

CE03 Conducted emissions, power leads (15 kHz to 50 MHz) 

CS01 Conducted susceptibility, power leads (30 Hz to 50 kHz) 

CS02 Conducted susceptibility, power leads (30 kHz to 400 MHz) 

CS06 Conducted emissions, power leads, spikes 

RE02 Radiated emissions, electric field (14 kHz to 10 GHz) 

RS01 Radiated susceptibility, magnetic field (30 Hz to 50 kHz) 

RS02 Radiated susceptibility, magnetic field, electric fields, spikes (400 V/5 ps), 

and power frequency 

RS03 Radiated susceptibility, electric field (14 kHz to 18 GHz), 10 V/m 


TABLE 6.13 Isolation Requirement Matrix 

For LO Outputs Operating 

Isolation of -55dB (Design Goal) for Other LO Outputs 

L04 or L05 

LOl, L02, L03 

LOl or L06 

L03, L04 

L02 or L03 

L04, L05, L06 


TABLE 6.14 FSU: Preliminary Mechanical Characteristics 


No. 

Parameter 

Requirements 

1 

Dimension 

200 x 200 x 50 mm max. 

2 

Weight 

TBD 


6.4.8 FSU Physical Characteristics 

FSU weight and dimensions are listed in Table 6.14. 

Cooling Requirements — The FSU will be mounted on cooled baseplate. The 
baseplate temperature will be -6 to +85°C. 

Painting/Coating — The FSU will be coated with hard sulfuric anodize coating to 
prevent metal corrosion. 

Grounding and Bonding — The FSU shall have external provisions for low- 
impedance grounding to system chassis, for example, grounding bolts and con- 
ductive surfaces. 

Shielding — The FSU enclosure shall provide adequate shielding from electric and 
magnetic fields. 

Filtering — Adequate filtering shall be provided at the input power to the FSU. All 
DC input and return wires shall be filtered. 

6.4.9 Logic Requirements 

The logic matrix is listed in Table 6.15. 
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6.5 FSU DESIGN AND ANALYSIS 

At the first stage of the design process, we compared the implementation of the FSU 
by discrete components or as integrated super component. 


6.5.1 Comparison of FSU Implementation by Discrete Components or as 
Super Component 

The dimensions and cost of FSU implemented by discrete components are listed in 
Table 6.16. The dimensions and cost of integrated super component FSU are listed 
in Table 6.17. It is risky to design and manufacture an integrated FSU comparable 
to a discrete FSU. The design cost of an integrated FSU is almost twice the design 
cost of a discrete FSU. However, the weight of the integrated FSU is 1 kg, while 
the weight of the discrete FSU is around 1.5 kg. The manufacturing cost of an 


TABLE 6.16 FSU Implemented by Discrete Component Dimensions and Cost 


Component 

W/Diameter 

(mm) 

L (mm) 

H (mm) 

Quantity 

Estimated 
Cost ($/Unit) 

Total ($) 

200 MHz 




1 

200 

200 

amplifier 







1/8 PD 




1 

400 

400 

PLDRO 

50 

60 

20 

6 

2200 

13,200 

Attenuator 

16 

50 

— 

6 

100 

600 

SP6T 

50 

60 

15 

1 

4000 

4,000 

mm-wave 

25 

45 

8 

1 

2000 

2,000 

amplifier 







Coupler 




1 

500 

500 

mm-wave PD 




1 

1000 

1,000 

Cables 




20 

50 

1,000 

Total 






22,900 


TABLE 6.17 

FSU Super Component Dimensions and Cost 



Component 

Ref. 

W/Diameter 

(mm) 

L 

(mm) 

H 

(mm) 

Quantity 

Estimated 

Cost 

($/Unit) 

Total 

($) 

200 MHz 


Drop in 



1 

100 

100 

amplifier 








1/8 PD 


Print 



1 

100 

100 

PLDRO 

Drop in 

50 

50 

20 

6 

2,200 

13,200 

SP6T 

Drop in 

50 

50 

15 

1 

4.000 

4,000 

mm-wave 


10 

20 

5 

2 

100 

100 

amplifier 








Extra cost 





1 

100 

100 

Total 







17,600 
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integrated FSU is almost half of the manufacturing cost of a discrete FSU. The dimen- 
sions and volume of an integrated FSU are almost half of the dimensions and volume 
of a discrete FSU. Electrical performance of an integrated FSU is almost the same as 
the performance of a discrete FSU. 


6.5.2 FSU Analysis 

The integrated FSU was designed by employing SYSCAL and ADS software. 

FSU component arrangement block diagram is presented in Figure 6.35. The FSU 
consists of 6 PLDROs, dielectric resonators, switching matrix, logic unit, and ampli- 
fiers. We applied optimization tools to determine the best selection of the FSU com- 
ponents and configuration needed to meet the FSU specifications. The computed 
results of the FSU are shown in Figures 6.36 and 6.37. The sensitivity of the design 



FIGURE 6.35 FSU component block diagram. 
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FIGURE 6.36 FSU analysis results. 
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FIGURE 6.37 FSU BIT channel analysis results. 


to alumina substrate tolerances such as height and dielectric constant has been opti- 
mized. There is a good agreement between computed and measured results. 

The FSU channel analysis results, gain and noise figure, are presented in 
Figure 6.36. The FSU gain is around 24dB. The FSU noise figure is around 19dB. 

The FSU BIT channel analysis results are presented in Figure 6.37. The FSU 
BIT channel gain is around 14dB. The FSU BIT channel noise figure is around 15dB. 
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6.5.3 FSU Thermal Analysis 

Thermal analysis is based on the following data: 

Environmental temperature 55°C 

Wind velocity 3 m/s 

FSU power consumption 25 W 

FSU voltages and current consumption are listed in Table 6.18. 

Figure 6.38 presents FSU component thermal analysis, for white package colure. 


TABLE 6.18 FSU Voltages and Current Consumption 


Voltage (V) 

Current (A) 

12 

1.3 

5 

1 

5 digital 

0.3 

-12 

0.3 

-5 

0.3 



FIGURE 6.38 FSU component thermal analysis, for white package colure. 
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SOLIO-TCMP / ON CL CMS 


O. 036*01 


VALUC OPT ION: ACTUAL 
SMCLL SURFACC TOP 



FIGURE 6.39 FSU thermal analysis, for white package colure. 


Figure 6.39 presents FSU thermal analysis, for white package colure. 

Figure 6.40 presents FSU thermal analysis, for gray package colure. 

For white colure package the temperature on the component base is around 78°C. 
For black colure package the temperature on the component base is around 86°C. 


6.5.4 FSU Interfaces and Layout 

The FSU module is controlled by the FSU logic unit. 

6.5. 4.1 FSU Logic Unit Requirements The FSU logic unit is implemented on the 
FSU card. It is placed in the Omni downconverter section of the direction finding 
system. Table 6.19 summarizes the demands from the logic unit. 

The FSU logic unit primary functions are: 

1 . To control RF switches located on the FSU card 

2. To maintain an interface with the direction finding system controller card 

3. To translate commands coming from the direction finding system card to 
desired states of the FSU 
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FIGURE 6.40 FSU thermal analysis, for gray package colure. 


TABLE 6.19 FSU Logic Unit Requirements 


No. 

Requirement 

Description 

1 . 

Power supply 

P5V ± 5% 0.5 A 

2. 

Power consumption 

Power dissipation in steady state <0.5 W 

3. 

Dimensions 

50 mm x 50 mm 

4. 

Temperature range 

Reference document is raf#92912 — logic card’s section 

5. 

Logic interface 

The logic unit shall maintain a 12-bit interface with the 
VHBR_TC 

6. 

JTAG 

The access, to the XPLD JTAG TAP, should be available from a 
maintenance connector on the FSU card 

7. 

Test signals 

The logic unit should provide test signals from the XPLD to a 
test connector for debugging and maintenance 

9. 

Timing constraints 

The logic unit should be able maintain a minimum of 50 ns 
switching rate 

10 

Performance 

The logic unit shall perform the state machine presented in 
Table 6.4 
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FSU connector 


JTAGJ J Spare for debugging 
>5 


Spare 

VHBR_TC Int. M j 

FSU_ENn 

VHBR_TC Int. — | 

Band selection 
VHBR_TC Int. 



FSU switches states 

/ FSU components 
20 

BIT OK 

4 | = FSU components 

6 

lock_alarm 

' ► VHBR_TC Int. 


FIGURE 6.41 FSU logic unit's general block diagram. 


Logic Unit Definition Figure 6.41 describes the FSU logic unit. The FSU logic unit 
contains an XPLD device, which defines a truth table. According to four control lines 
(band selection), a unique combination is made for 20 output signals. For 20 different 
switches, the truth table is defined in Table 6.22. In addition this XPLD buffers 6 
“OK” indication bits toward the direction finding system. 

The XPLD is LC5512MV-75F256I: This device is manufactured by Lattice. 

This device has its own E 1 2 rom memory for configuring itself on power-up. 

It has JTAG compliance, up to 193 I/O pin, 2 internal PLLs, and 512 macrocells 
(logic blocks). In practice 30 I/O pins are used. 


FSU Module Interface Table 6.20 defines the FSU logic unit’s ICD. 

The FSU logic interface is divided into three sections: 

1 . Direction finding system digital interface — for FSU control and indication 

2. Direction finding system analog interface — for FSU detector monitoring 

3. Local interface for JTAG configuration and debugging 


6. 5.4.2 Direction Finding System Digital Interface The interface contains 12-bit 
interface for full control performance. The digital interface function is described in 
Table 6.21. 


6. 5.4.3 Direction Finding System Analog Interface The analog interface con- 
tains two analog signals and one reference signal, which are monitored in the direction 
finding system ADC device. 

The three analog signals are: 

1. FSU_2_TC_RF_Sense (1:0) — two signals — yielded from the detectors located 
in the FSU 

2. FSU_2_TC_RF_Sense_RET — one signal — the analog ground that is used as a 
reference for the detector output monitoring 


TABLE 6.20 Direction Finding System FSU Logic Unit Interface 
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TABLE 6.22 FSU Logic Unit’s State Machine 



'For state #13 LO signal is OFF. 
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Local Interface The local interface is being used for: 

1. Configuration: JTAG — configuration is being used when there is a need to 
change the truth table or when a debugging version is needed. 

2. Debugging: In debugging mode, any signal can be routed toward five dedicated 
pins to be monitored. 

Table 6.22 describes the states that shall be accomplished in the FSU module. 


6.6 FSU FABRICATION 

Figure 6.42 presents the mechanical fabrication drawing of the FSU module. The FSU 
module dimensions are 16.55 x 21.4 x 3.83 cm. The FSU consists of six PLDROs, 
dielectric resonators, switching matrix, logic unit, and amplifiers. The PLDROs are 
connected to the switching matrix by low-loss semirigid cables as shown in 
Figure 6.42. Figure 6.43 presents the FSU module component placing and arrange- 
ment. Figure 6.44 presents the FSU module mechanical package. Figure 6.45 presents 



Switching unit 


PLDRO 


PLDRO 


FIGURE 6.42 Mechanical fabrication drawing of the FSU module. 


182 


MIC AND MMIC MILLIMETER-WAVE RECEIVING CHANNEL MODULES 



FIGURE 6.43 Top view drawing of the FSU module. 


PLDRO 


Switching unit 


Cables 



FIGURE 6.44 FSU module component placing and arrangement. 


the FSU switching matrix unit top view. The FSU switching matrix consists of 
14 SPDT switches. The SPDT switches are mounted on three covar carriers as 
presented in Figure 6.46. In Figure 6.47, FSU presents the switching matrix unit 
dimensions and mechanical package. The FSU switching matrix dimensions are 
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FIGURE 6.45 FSU module mechanical package. 









SPDT switches 




Covar carriers 


FIGURE 6.46 FSU switching matrix unit. 



184 


MIC AND MMIC MILLIMETER-WAVE RECEIVING CHANNEL MODULES 



FIGURE 6.47 FSU switching matrix unit dimensions. 



PLDRO 4 


PLDRO 1 


PLDRO 5 


PLDRO 6 Nv 


PLDRO 2 


PLDRO 3 


FIGURE 6.48 Fabricated FSU module photo. 


4.8 x 3.25 x 1 cm. Figure 6.48 presents a fabricated FSU module photo. Figure 6.49 
presents a photo of a fabricated FSU switching matrix unit. 


6.7 CONCLUSIONS 

Compact 18-40 GHz wideband RF modules for direction finding, seekers, and com- 
munication systems were presents in this chapter. The direction finding system con- 
sists of 14 direction finding front-end modules, two omnidirectional front-end 
modules, switch filter bank (SFB) modules, FSU, and downconverter units. The 
RF modules were designed by using ADS momentum software. 

There is a good agreement between computed and measured results. 
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FIGURE 6.49 Photo of a fabricated FSU switching matrix unit. 
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INTEGRATED OUTDOOR UNIT FOR 
MILLIMETER- WAVE SATELLITE 
COMMUNICATION APPLICATIONS 


The block diagram of an integrated outdoor unit (ODU) for mm-wave satellite com- 
munication applications is presented in Figure 7.1. The ODU consists of a receiving 
and a transmitting channel. 


7.1 THE ODU DESCRIPTION 

The outdoor system is divided into three main parts: the transmitter, the “ODU;” the 
antenna assembly; and the receiver front end, the “LNB.” The antenna assembly con- 
sists of two main parts: the dish and mounting structure and the dual channel feed 
horn. The ODU module design is presented in this section. RF component design 
and theory are presented in books and in articles (see Refs. [1-10]). 

At the low-frequency I/O terminal, four types of input and output signals are fed: 
transmitting (Tx) input IF signal (in frequency band of 2500-3000 GHz), DC input 
power supply (28 V ± 10%), output reference (10 MHz), and monitor and control 
at (22 kHz) IN/OUT signal. The DC input is fed through the multiplexer to the power 
supply from which regulated voltages are supplied to the different parts of the ODU. 
The output 10 MHz reference signal is obtained from a 100 MHz internal crystal oscil- 
lator by 1 : 10 frequency divider and is routed to the I/O connector through the mul- 
tiplexer. The monitor and control (22 kHz) signal is separated from the other signals 
by the multiplexer between the I/O connector and the controller. The control com- 
mand ON/OFF is processed by the controller and applied to the Solid State Power 
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FIGURE 7.1 ODU basic block diagram. 


Amplifier (SSPA) supply ON/OFF switch. The monitoring signals, originating from 
different parts of the ODU, are processed by the controller and installed in the 22 kFIz 
serial link. The PLDRO lock/unlock monitoring signal is used also (via the controller) 
for switching the SSPA supply ON/OFF accordingly (automatic shutdown). Addi- 
tional alarm monitoring signal will be provided by switching the 10 MHz signal from 
ON to OFF state (by the controller) if any of the alarm signal (PLDRO unlocked, 
SSPA supply in the OFF state, or power supply alarm) appears at the controller inputs. 
The input IF signal (in frequency band 2500-3000 GHz) is separated from the other 
inputs by the multiplexer and is fed to the IF amplifier. The IF signal is amplified to an 
appropriated level (the IF amplifiers amplify the input IF signal from the minimum 
input level to the nominal level at the mixer input) and is fed to the mixer input. 

The frequency band of the input signal is converted to the transmitted frequency 
band by the mixer and the LO signal. The band-pass filter, following the mixer output, 
attenuates the LO signal leaking (at 27 GHz), image signal, and other spurious pro- 
ducts. The filtered Tx signal is amplified by the driver and the power amplifier 
(PA) to the appropriate output power level. The Tx band pass following the power 
amplifier attenuates all the spurious signal levels below the relevant specified levels 
and also the output noise, in the receiving (Rx) frequency band, below the thermal 
noise at the LNB (Rx link) input. The LO source consists of a PLDRO, multiplier, 
and a band-pass filter. The PLDRO is locked to a 100 MHz (internal) crystal oscilla- 
tor. The output signal (at 9 or 13.5 GHz) is multiplied by the frequency multiplier to 
the specified frequency (27 GHz) and filtered to eliminate the spurious signals. All the 
components shown in Figure 7.1 are installed in a mechanical enclosure, which pro- 
tects them from the outside environment and dissipates the heat, by convection, to the 
air outside the enclosure. Two connectors are mounted on the enclosure (box): input 
I/O (type F connector) and output (ISO PBR 320 for WR28 waveguide). The ODU 
box will be mounted directly to the dual channel feed horn through the waveguide 
flange. The ODU, the dual channel feed horn, and the LNB are assembled on a special 
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mounting cradle, which is mounted on the antenna boom and allows the rotation of the 
ODU, the LNB, and the antenna feed around the feed axis for polarization adjustment. 
The ODU specifications are listed in Table 7.1. 


TABLE 7.1 ODU Specifications 


Description 

Specification 

Transmit frequency range 

29.5-30.0 GHz 

Receive frequency range, in two bands (10.7-12.75 GHz) 

Low 

10.7-1 1.7 GHz 

High 

11.7-12.75 GHz 

Transmit on one linear (horizontal (H) or vertical (Vj) polarization 
plane. Receive dual linear orthogonal polarized signal by 
switching between H and V polarization 

Selecting the polarization orientation. Continuous adjustment of 

H or V 

the polarization orientation 

Identical antenna tilt angle for 

±45° Ka and Ku signals 

Min. EIRP and ldB gain compression 

Max. antenna diameter 0.75 m 

40dBW 

Max. antenna diameter 0.95 m 

45dBW 

Max. antenna diameter 1.30 m 

50dBW 

Off-axis EIRP density, max. 

10W/m 2 

EIRP stability over temperature 

±2dB 

G/T figure of merit 

>14dB/K 

Spurious emission below the total EIRP 

60dB max. 

In 29.5-30.0 GHz band 

Outside 29.5-30.0 GHz band 

Noise emission max. in 29.5-30.0 GHz band 

SSPA ON 

-75dBW/Hz of EIRP 

SSPA OFF 

-105dBW/Hz of EIRP 

Phase noise, max. : freq. offset 

(For the transmitter) 10 Hz 

-32dBC/Hz 

100 Hz 

-62dBC/Hz 

1 kHz 

-72dBC/Hz 

10 kHz 

-82dBC/Hz 

>100 kHz 

-92dBC/Hz 

Spurious phase noise at AC line frequency. Level of the sum of all 

-32dBC max. 

phase noise components in frequency range between the AC 

-38dBC max. 

line freq. and 1 MHz 

Amplitude variation (transmitter only) in any 200 kHz band 

0.2dB max. 

2 MHz band 

0.4dB max. 

40 MHz band 

l.OdB max. 

500 MHz band 

2.5dB max. 

Group delay variations (transmitter only) in any 2 MHz band 

2 ns max. ptp 

40 MHz band 

4 ns max. ptp 

Radiation pattern (transmitter only) 

1.8° <<I><7 0 

29 -T- 251ogO> dBi max. 

7° <0x9.2° 

8dBi max. 


(' Continued ) 
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TABLE 7.1 ( Continued ) 


Description 

Specification 

9.2° <<£ <48° 

32 4 251og <3> dBi max. 

48° <<£<180° 

OdBi max. 

Tx cross-polar gain: 1.8° < <t> < 7° 

19 4 251og<t> dBi max. 

7° < ® < 9.2° 

-2dBi max. 

Tx cross-polar isolation within l/10dB beam contour 

Antenna pointing, manual adjustment 

-25/-22dB max. 

Elevation 

10-50° 

Azimuth 

0-360° 

Pointing accuracy (mechanical coarse and fine adjustment) 

10% of the 3dB beam 

width 

Tx power consumption: SIT I 

20 W 

SIT II 

30 W 

SIT III 

50 W 

Safety SSPA switch OFF 

Avoiding interference to other users 

Automatic shutdown 

Monitoring functions 

Lock alarm 

SSPA ON/OFF status 
Power supply alarm 
Presence det. alarm 

Control 

SSPA ON/OFF 

SSPA ON/OFF indication on ODU 

Operation environment 

Green/red LED 

Temperature 

-30° to +50° 

Solar radiation 

500 W/m 2 max. 

Humidity 

0-100% (condensing) 

Rain 

40 mm/h max. 

Wind 

45 km/h max. 

Survival conditions: Temperature 

-40° to +60° 

Solar radiation 

1000 W/nr 

Humidity 

0-100% (condensing) 

Precipitation: Rain 

100 mm/h max. 

Freezing rain 

12 mm/h max. 

Snowfall 

50 mm/h max. 

Static load 

25 mm of ice on all 
surfaces 

Wind 

Storage and transportation 

120 km/h max. 

Temperature 

-40° to +70° 

Shock and vibration 

As required for 

commercial freights 

IDU and ODU, DC power supply 

28 V ± 10% 

Tx IF IN (2.5-3 GHz) 

-40dBm 

M&C: 10 MHz ref. output power 

22 kHz PWK 

Frequency stability 

-40dBm ± 20 ppm 

Connector: Tx output flange 

Type F 

(Tx to antenna feed) 

ISO PBR 320 
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Feed horn 


Filter and OMT 


TX W.G. - 


TX input (to magic “T”) ■ 


■ Magic “T” 


FIGURE 7.2 Outdoor unit drawing. 


7.2 THE LOW NOISE UNIT: LNB 

The LNB is of universal standard and one with a circular C-120 flange at the input. The 
LNB is mounted directly to the dual channel feed hom through the C-120 flange, see 
Figure 7.2. This LNB is produced by several manufacturers and is available on the com- 
mercial market. The full description and specification of the LNB are listed in Table 7.1 
with an exception that the maximum noise figure should be 0.9dB for both receiving 
bands. The LNB output may be connected through the ODU to enable the use of only 
one coaxial cable between the indoor unit, the IDU, and the outdoor assembly. For that 
purpose, a special power supply must be added into the ODU enclosure, an appropriate 
protocol must be specified, and the multiplexer must be redesigned to allow the filtering 
of the different signals at the ODU’s I/O terminal. 


7.3 SSPA OUTPUT POWER REQUIREMENTS 


Given: a. Dual band feed horn's insertion loss 
b. Transmitter filter and WG28 WG loss 
d. Mismatch loss (WSWR< 1.35) 


0.5dB max. 
0.2dB max. 
0.1 dB max. 


Total loss 0.8dB max. 



SIT I 

SITU 

SIT III 

Antenna gain at Ka-band (dBi) 

45.0 

47.0 

49.5 

Tx to feed output loss (dB) 

0.8 

0.8 

0.8 

Net. gain (dBi) 

44.2 

46.2 

48.7 

Specified EIRP (dBW) 

40.0 

45.0 

50.0 

Minimum SSPA output (dBW) 

-4.2 

-1.2 

+ 1.3 
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7.4 ISOLATION BETWEEN RECEIVING AND 
TRANSMITTING CHANNELS 

Since the Tx and the Rx signal may appear at the feed with the same polarization, the 
isolation between the transmitter (Tx) port and the receiver (Rx) port is mainly 
achieved by the Rx input filter. The main objectives of the Rx input filter is to 
prevent the gain degradation of the LNB and to eliminate spurious response 
(mixing with the harmonics of the LOs in the LNB) and to reject signals at the image 
frequencies. 

The isolation may be estimated for the following data: 


Max. Tx signal level at the Tx port 
Output ldB compression point of the LNB 
LNB gain (max.) 


+33dBm 
+5 dBm 
60dB 


According to these assumptions the input ldB compression point of the LNB is 
around -55dBm, and the isolation must be at least 88dB. 

The LNA inside the LNB is tuned to the 10.7-12.75 frequency band. Following the 
LNA, a band-pass filter is used to reject the image signal. 

7.5 SSPA 

7.5.1 Specifications 

1. Input power: -15dBm. 

2. The output power requirements result from the system parameters listed in 
Table 7.2. 

7.5.2 SSPA General Description 

The module is an integral MIC assembly, which includes the upconverter, SSPA, out- 
put power detector, and transition to the antenna. The key element for the realization 
of the ODU SSPA is the output stage basic MMIC power amplifier. 


TABLE 7.2 Output Power Requirements for Three SIT Situations 



EIRP Spec. 
(dBW) 

Required PA Output *( l ) 
dBm (dBW) 

PA to Feed 
Output Loss 

Antenna 
Gain (dBi) 

SITl 

40 

25.8 (-4.2dBW) 

0.8 

45 

SIT2 

45 

28.8 (-1.2dBW) 

0.8 

47 

SIT3 

50 

31.3 (+1.3dBW) 

0.8 

49.5 


(1) Output power required at P ldB. 
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7.5.3 SSPA Electrical Design 

1. Input power: -15dBm. 

2. The output power requirements result from the following system parameters: 
The SSPA block diagram is shown in Figure 7.3. 

Power amplifier power and gain budget: 

1. Input power: -15dBm. 

2. The output power requirements result from the system parameters given in 
Tables 7.3, 7.4, and 7.5. 


Power supply requirement are listed in Table 7.6. 



FIGURE 7.3 Block diagram of the SSPA unit. 


TABLE 7.3 Situation 1 



Pin 

Low PA 

Medium PA 

High PA 

Power (dBm) 

-15 

-5 

13.5 

26 

Gain (dB) 


10 

18.5 

12.5 

PldB (dBm) 


8 

19 

27 


Power supply: ±5 V, 7 W. 


TABLE 7.4 Situation 2 



Pin 

Low PA 

Medium PA 

High PA 

Power (dBm) 

-15 

-3 

16 

28.5 

Gain (dB) 


12 

19 

12.5 

PldB (dBm) 


8 

19 

29 


Power supply: ±5 V, 10 W. 
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TABLE 7.5 Situation 3 


Pin 

Low PA 

Medium PA 

High PA 

Power (dBm) -15 

-1 

18 

31 

Gain (dB) 

14 

19 

13 

PldB (dBm) 

8 

19 

31.5 

Power supply: ±5 V, 15 W. 




TABLE 7.6 Supplies 

Drain Voltage (V) 

Gate Voltage (V) 

DC Power (W) 

Drain Current (A) 

SIT1 5 

-5 

7 

1.4 

SIT2 5 

-5 

10 

2 

SIT3 5 

-5 

15 

3 


7.5.4 Advanced Packaging Techniques for High-Power 30 GHz 
Transmit Channels 

Utilizing advanced packaging techniques will boost the high-power 30 GHz transmit 
chains. Current MIC technology suffers from significant problems at millimeter 
waves in several aspects. 

Performance — Poor input/output and interconnect quality due to transitions and 
wire parasitic effects. Tolerances are not tight enough, and therefore it is hard to 
predict parasitic effects. Grounding problems cause unpredictable behavior and 
degraded performance. 

Other considerations: heat spread density problems, in/out connection to the 
package, and the yield of the MMIC chips and its assembly. 

Cost — Much delicate human labor is required to produce millimeter-wave MIC mod- 
ule. This labor includes obviously assembly and the critical step of test and tune to 
compensate for parasitic effects. These limitations are overcome by addressing sev- 
eral issues. New types of substrate material with reduced dielectric constant lower 
loss than common substrates, enabling better realization of MIC passive elements. 

Multilayer ceramic and polymer material substrate will allow DC/RF cross- 
over and reduce the number of wire bonds required. An excellent heat conduc- 
tive material must be used for the carrier. Embedded elements will reduce the 
overall part count and assembly complexity. Higher thermal conductivity mate- 
rials will allow higher power device utilization. Automated assembly will 
increase the reproducibility, which is critical in media transitions. 


7.6 THE ODU MECHANICAL PACKAGE 

The ODU package combines all feed RF components and driving electronics 
(Fig. 7.4). The RF chain consists of a horn feed, a transducer, a filter, and the 
LNB. The ODU package is designed to ensure full compliance with the SOW 
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FIGURE 7.4 ODU package. 


mechanical requirements, most notable harsh atmospheric conditions of precipitation 
and temperature. The package houses the SSPA, upconverter, PLDRO, controller, and 
a power supply. The ODU is mounted on the boom of the antenna using mechanics, 
which allow adjustment of the polarization angle, while maintaining accurate position 
of the horn on the antenna’s focal point. The ODU’s package is designed to cost- 
effectiveness and to large volume production, while it protects its inner components 
from precipitation, dissipates the heat generated within, and is coated and painted to 
absorb minimum solar radiation. 


7.7 LOW NOISE AND LOW-COST K-BAND COMPACT 
RECEIVING CHANNEL FOR VSAT SATELLITE COMMUNICATION 
GROUND TERMINAL 

7.7.1 Introduction 

An increasing demand for wide bandwidth in communication links makes the K-/Ka- 
band attractive for future commercial systems. The frequency allocations for the Ka-/ 
K-band VSAT system are 17.7-21.2 GHz for the receiving channel and 27.5-31 GHz 
for the transmitting channel. Communication industry is currently in continuous 
growth. In particular the very small aperture terminal (VSAT) networks have gained 
wide use for business and private applications. Private organizations and banks are 
using VSAT networks to communicate between their various sites. VSAT applica- 
tions cover a wide range such as telephony, message distribution, lottery, credit card 
approval, and inventory management. Commercial VSAT systems operate in C-band 
and Ku-band; however there are many advantages to develop wideband K-/Ka-band 
communication systems. However, only some commercial low-cost power amplifiers, 
low noise amplifiers, mixers, and DROs are published in commercial catalogs. More- 
over, development of low-cost RF components is crucial for K-/Ka-band satellite 
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communication industry. This section describes the design and performance of a com- 
pact and low-cost K-band receiving channel. 


7.7.2 Receiving Channel Design 

The major objectives in the design of the receiving channel were electrical specifica- 
tions and cost. The target price in the production of thousands was around $80. 


7.7.3 Receiving Channel Specifications 

The receiving channel specification was listed in Table 7.1. 


7. 7. 3.1 Specifications 


RF frequency range 
IF frequency range 
Gain 

Noise figure 
Input VSWR 
Output VSWR 
Spurious level 

Frequency stability versus temperature 

Supply voltage 

Connectors 

Operating temperature 

Storage temperature 

Humidity 


18.8-19.3 GHz, 19.7-20.2 GHz 

0.95-1.45 GHz 

50dB 

2dB 

2 : 1 

2 : 1 

-40dBc 

±2 MHz 

±5 V 

K connectors 
-40 to 60° C 
-50 to 80°C 
95% 


7.7.4 Description of the Receiving Channel 

A block diagram of the receiving channel is shown in Figure 7.5. 

The receiving channel consists of an RF side coupled band-pass filter, low noise 
amplifier, mixer, DRO, IF filter, and MMIC downconverter block. Noise figure, gain, 
and IP 3 budget are given in Figure 7.6. 

A receiving channel with improved NF (0.95dB) and gain (77dB) are obtained by 
adding a gain block after the LNA. However, from cost consideration we decided to 
realize the first configuration shown in Figure 7.6. The major objectives in the design 
of the receiving channel were specifications and cost. The target price in the produc- 
tion of thousands was around $80. 
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FIGURE 7.5 Block diagram of the receiving channel. 






Second 
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RF low- 

First First IF 

Bandpass 

mixer 

pass filter 

mixer Amp 

filter 

IF 



NF (dB) 
Gain (dB) 
OIP3 (dBm) 


Cascade 

total 


0.8 


0.8 


0.5 

10 


25 
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10 
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-0.5 
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16 

18 

-6.5 
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14 


90 
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FIGURE 7.6 Noise figure, gain, and IP 3 budget. 


7.7.5 Development of the Receiving Channel 

A MIC and MMIC LNA were developed for K-band VS AT applications. The dimen- 
sions of the MMIC LNA are much smaller than the MIC LNA. However, the NF of the 
MIC LNA is around 1.2-1.5dB, and the NF of the MMIC LNA is around 1.7-2dB. 
Components of the receiving channel were printed on 10 mil-thick RT-duroid 5880 
substrate. Drawings of the MMIC LNA and of the receiving channel are shown in 
Figures 7.7 and 7.8. A photograph of the receiving channel with a MMIC LNA is 
shown in Figure 7.9. 


7.7.6 Measured Test Results of the Receiving Channel 

The receiving channel was tested and the measured test results are summarized in 
Table 7.7. 
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FIGURE 7.7 MMIC LNA on carrier. 



Filter 

FIGURE 7.8 ODU receiving channel. 


Mixer 


7.7.7 Conclusions 

A low noise and low-cost K-band compact receiving channel for VS AT applications 
has been presented in this section. The receiving channel main features are NF 2dB, 
channel gain 50dB, frequency stability versus temperature ±2 MHz, and spurious 
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FIGURE 7.9 Photo of the ODU receiving channel. 


TABLE 7.7 Receiving Channel Measured Test Results 


Parameter 

Measured Results 

RF frequency range 

18.8-19.3 GHz 

IF frequency range 

0.95-2.0 GHz 

Gain 

50dB 

Noise figure 

2dB 

Input VSWR 

2:1 

Output VSWR 

2:1 

Spurious level 

-40dBc 

Frequency stability versus temperature 

±2 MHz 


level lower than 40dB. The major objectives in the design of the receiving channel 
were specifications and cost. The target price in the production of thousands is around 
$60-$80. 
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7.8 KA-BAND INTEGRATED HIGH POWER AMPLIFIERS, SSPA, 

FOR VS AT SATELLITE COMMUNICATION GROUND TERMINAL 

This section describes the design and performance of the new compact and low-cost 
Ka-band power amplifiers. The main features of the power amplifiers are 27-35dBm 
minimum output power for -16dBm input power over the frequency range of 
27.5-31 GHz. To reduce losses MIC, MMIC, and waveguide technologies are 
employed in the development and fabrication of this set of power amplifiers. Employ- 
ing waveguide technology has minimized losses in the power combiner. 

Three power amplifiers are described in this paper. The first amplifier is a 0.5 W 
power amplifier, the second is a 1.5 W power amplifier, and the third amplifier is a 
3.2 W power amplifier. 

7.8.1 Introduction 

An increasing demand for wide bandwidth in communication links makes the Ka-band 
attractive for future commercial systems. However, only some commercial low-cost 
power amplifiers and low noise amplifiers are published in commercial amplifier 
catalogs. This section describes the design and performance of compact and low-cost 
Ka-band power amplifiers. The main features of the power amplifiers are 27-35dBm min- 
imum output power for - 1 6dBm input power over the frequency range of 27.5-3 1 GHz. 

Communication industry is currently in continuous growth. In particular the VS AT 
networks have gained wide use for business and private applications. Private organi- 
zations and banks are using VS AT networks to communicate between their various 
sites. VS AT applications cover a wide range such us telephony, message distribution, 
lottery, credit card approval, and inventory management. Commercial VS AT systems 
operate in C-band and Ku-band; however there are many advantages to develop wide- 
band Ka-band communication systems. Moreover, development of low-cost high 
power amplifiers is crucial for Ka-band satellite communication industry. 

7.8.2 Power Amplifier Specifications 

The transmitting channel specification was listed in Table 7.1. 


Frequency range 
Input power 
Output power 
Input VSWR 
Output VSWR 
Spurious level 
Supply voltage 
Connectors 
Operating temperature 
Storage temperature 
Humidity 


27.5-31 GHz 
-16 to -20dBm 
27, 32, 35dBm min. 
2 : 1 
2 : 1 

-60dBc 
±5 V 

K connectors 
-30 to 60°C 
-50 to 80°C 
100% 
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7.8.3 Description of the 0.5 and 1.5 W Power Amplifiers 

The block diagram of the 0.5 and 1 .5 W power amplifier is shown in Figure 7.10. The 
0.5 W power amplifier consists of low power MMIC amplifier, band-pass filter, 
medium power MMIC amplifier, and 0.5 W power amplifier. The 1 .5 W power ampli- 
fier consists of the same modules as the 0.5 W power amplifier. The 0.5 W MMIC 
amplifier is connected to a four-way microstrip power divider, a high power module 
with four MMIC power amplifiers, a four-way waveguide power combiner, and a DC 
supply unit. Three stages of MMIC power amplifiers amplify the input signal from 
-16 to 18dBm. The fourth stage, a 0.5 W MMIC power amplifier, is connected to 
a four- way hybrid ring microstrip power divider printed on 10 mil duroid. The output 
ports of the power divider are connected to four 0.5 W MMIC power amplifiers. The 
0.5 W power amplifiers are combined via a four-way waveguide power combiner to 
yield a 32.5dBm minimum output power level. The DC bias voltages of each MMIC 
amplifier have been experimentally optimized to achieve the required gain and output 
power level. 


7.8.4 Gain and Power Budget for the 0.5 and 1.5 W Amplifiers 

The power amplifiers gain and power budget is listed in Table 7.8. The expected large 
signal gain of the 1.5 W amplifier is 49dB. The expected output power is 33dBm. 

7.8.5 Description of the 3.2 W Power Amplifier 

A block diagram of the 3.2 W power amplifier is shown in Figure 7.11. The 3.2 W 
power amplifier consists of the same modules as the 0.5 W power amplifier. The 
0.5 W MMIC amplifier is connected to a two-way microstrip power divider, a high 





DC unit 



FIGURE 7.10 1.5 W power amplifier block diagram. 
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TABLE 7.8 Transmitter Gain and Power Budget 


Component 

Gain/ 

Loss (dB) 

P oM (dBm) 0.5 W 
Amplifiers 

P out (dBm) 1.5 W 
Amplifiers 

Input power 

— 

-16 

-16 

Amplifier 

15 

-1 

-1 

Filter 

-1 

-2 

-2 

Amplifier 

20 

18 

18 

Amplifier 

9 

27 

27 

Four-way power divider 

-7.5 

— 

19.5 

Amplifier 

8 

— 

27.5 

Four-way power combiner 

5.5 

— 

33 

Total 

49 
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FIGURE 7.11 3.2 W power amplifier block diagram. 


power module with two 2 W MMIC power amplifiers, and a two-way microstrip 
power combiner. Three stages of MMIC power amplifiers amplify the input signal 
from -16 to 18dBm. The fourth stage, a 0.5 W MMIC power amplifier, is connected 
to a two-way microstrip power divider printed on 5 mil alumina substrate. The 
output ports of the power divider are connected to two 2 W MMIC power amplifier. 
The 2 W output power is combined via a two-way low-loss power combiner to yield 
a 35dBm minimum output power level. The DC bias voltages of each MMIC ampli- 
fier have been experimentally optimized to achieve the required gain and output 
power level. 


KA-BAND INTEGRATED HIGH POWER AMPLIFIERS 


203 


7.8.6 Measured Test Results 

Two different 1.5 W power amplifier modules were fabricated and tested. The first 
power amplifier is a modular unit and consists of seven modules. The unit consists 
of a band-pass filter, a low power amplifier, a medium power amplifier, a four- 
way microstrip power divider module, four 0.5 W power amplifiers, a four-way 
microstrip power combiner, and a DC supply unit. The second power amplifier is 
an integrated power amplifier as described in Section 7.8.4. Test results of the modular 
and integrated power amplifier are given in Table 7.9. 

The measured test results of the four-way waveguide power combiner are listed in 
Table 7.10. 

Figure 7.12 presents the output power balance of the 0.5 W power amplifier. 
Figure 7.13 presents the output power and gain of the 1 .5 W power amplifier. A photo 
of the 1 .5 W power amplifier is shown in Figure 7.14. The four-way waveguide power 
combiner is covered by a metallic cover. 

Figure 7.14 presents the low power and medium power MMIC amplifiers. A micro- 
strip four-way power divider is used to supply the power to each of the four 0.5 W 
MMIC amplifiers. The output power of the 0.5 W MMIC amplifiers is combined 
by a four-way waveguide power combiner. A photo of the 1 .5 W power amplifier with 
a four- way waveguide power combiner is shown in Figure 7.15. 

A photo of the 1 .5 W power amplifier without the four-way waveguide power com- 
biner is shown in Figure 7.16. The first carrier in this photo is a side coupled band-pass 


TABLE 7.9 Measured Test Results of the Modular and Integrated Power Amplifier 


Parameter 

Measured Results 

Modular 1.5 W Amplifiers 

Integrated 1.5 W Amplifiers 

Frequency range (GHz) 

27-31 

27-31 

Input power (dBm) 

-16 

-16 

Output power (dBm) 

31.5 

31.5 

Spurious level (dBc) 

>-50 

>-50 

VSWR (input/output) 

2:1 

2:1 


TABLE 7.10 Measured Test Results of the Four-Way 
Waveguide Power Combiner 


Parameter 

Measured Results 

Frequency range 

27-31 GHz 

Insertion loss 

0.5dB 

Amplitude balance 

0.2dB max. 

Phase balance 

±5° max. 

VSWR (input/output) 

1.5: 1 
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FIGURE 7.12 Output power balance of the 0.5 W power amplifier. 
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FIGURE 7.13 Output power and gain of the 1 .5 W power amplifier. 


filter. The second and third carrier contains medium power MMIC amplifiers. The 
fourth carriers contain a 0.5 W MMIC power amplifier. The output of the 0.5 W 
MMIC power amplifier is connected to a microstrip four-way power divider. 
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FIGURE 7.14 Photo of the 1.5 W power amplifier. 



FIGURE 7.15 Photo of the 1.5 W power amplifier with a four-way waveguide power 
combiner. 


7.9 CONCLUSIONS 

In this section we presented the design and performance of compact and low-cost 
power amplifiers for Ka-band VS AT satellite communication ground terminal. 

The main features of the amplifiers are 27-35dBm minimum output power for 
-16dBm input power over the frequency range of 27.5-31 GHz. The 1.5 W power 
amplifier size is 15.5 x 11 x 2.5 cm. To achieve low-cost design, extensive use is 
made of commercially available MMICs. 
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FIGURE 7.16 Photo of the 1.5 W power amplifier without the four-way waveguide power 
combiner. 


MIC, MMIC, and waveguide technologies are combined in the development and 
fabrication of this set of power amplifiers. 


REFERENCES 

[1] Rogers J, Plett C. Radio Frequency Integrated Circuit Design. Boston: Artech House; 2003. 

[2] Maluf N, Williams K. An Introduction to Microelectromechanical System Engineering. 
Boston: Artech House; 2004. 

[3] Sabban A. Microstrip Antenna Arrays. In: Nasimuddin N. editor. Microstrip Antennas. 
Rijeka: InTech; 2011. p 361-384. 

[4] Sabban A. Applications of MM wave microstrip antenna arrays. International Symposium 
on Signals, Systems and Electronics, 2007. ISSSE ’07 Conference; July 30 to August 2, 
2007; Montreal, QC. 

[5] Gauthier GP et al. A 94GHz micro-machined aperture-coupled microstrip antenna. IEEE 
Trans Antenna Propag 1999;47 (12): 1761-1766. 

[6] Milkov MM. Millimeter-wave imaging system based on antenna-coupled bolometer [M.Sc. 
thesis], UCLA; 2000. 


REFERENCES 


207 


[7] de Lange G, Konistis K, Hu Q. A 3*3 mm-wave micro machined imaging array with sis 
mixers. Appl Phys Lett 1999;75 (6):868-870. 

[8] Rahman A, de Lange G, Hu Q. Micromachined room temperature microbolometers for 
mm-wave detection. Appl Phys Lett 1996;68 (14):2020-2022. 

[9] Maas SA. Nonlinear Microwave and RF Circuits. Boston: Artech House; 1997. 

[10] Sabban A. Low Visibility Antennas for Communication Systems. Boca Raton: Taylor & 
Francis Group; 2015. 





MIC AND MMIC INTEGRATED 
RF HEADS 


8.1 INTEGRATED Ku-BAND AUTOMATIC TRACKING SYSTEM 

The monopulse tracking principle is the most popular way to obtain accurate infor- 
mation about the target angular position in radar systems (see Refs. [1-9]). Tracking 
radars and scan radar systems use monopulse antennas in the accurate determination 
of angular deviation with respect to the antenna axis, off-boresight angle. Also radio 
communication systems that need to track a narrow beam antenna to the transmitter 
use monopulse tracking systems. Satellite and tracking communication systems use 
monopulse tracking principle to secure communication links with very narrow beam 
antennas. Identification military and commercial systems use this principle to obtain 
narrow beam information links. 

Ku-band two-axis automatic tracking system may be implemented by using a four- 
element monopulse antenna connected to a phase comparator network. The concept is 
widely used in communication industry. The antenna may be a reflector antenna or an 
antenna array. The elements of the reflector feed may be placed at a distance of at least, 
XI2, a half wavelength apart each. When the target is located along the antenna bore- 
sight, each element is equidistant from the antenna elements, and all signals are 
received in phase. However, when the target is off boresight, due to the difference 
in path length (L), a phase difference is introduced between the signals, which is used 
to calculate the error angle (0). The tracking system consists of antennas, monopulse 
comparator, up- and downconverter, monopulse processor at baseband frequencies, 
and DC and control units, as shown in Figure 8.1. The development and design of 
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FIGURE 8.1 Ku-band automatic tracking system block diagram. 


the Ku-band automatic tracking system are based on MIC, waveguide, and MMIC 
technology. The power divider and combiners in the power amplifier module are 
waveguide power combiners to minimize losses in the transmitter. Packed MMIC 
components are used to minimize system volume and weight. 


8.1.1 Automatic Tracking System Link Budget Calculations 

The downlink budget tracking system calculations are listed in Table 8.1 for three 
distances: 50, 100, and 200 km. The transmitting antenna gain is 20dBi. 

The transmitter power is 44dBm. The receiving antenna gain is 45dBi. 

The tracking system consists of three antennas: reflector, hom, and omnidirec- 
tional. The uplink tracking system budget calculations are listed in Table 8.2. The 
uplink budget calculations are listed in Table 8.2 for three distances: 50, 100, and 
200 km. The transmitting antenna gain is 45dBi. The transmitter power is 43dBm. 
The receiving antenna gain is 20dBi. 

The downlink budget, dish to omnidirectional channels, tracking system calcula- 
tions are listed in Table 8.3. The downlink budget, dish to omnidirectional channels, 
calculations are listed in Table 8.3 for three distances: 70, 75, and 80 km. The trans- 
mitting antenna gain is 2.15dBi. The transmitter power is 44dBm. The receiving dish 
antenna gain is 45dBi. 



TABLE 8.1 Downlink, DNL Link, and Budget Calculations 


Parameter 

Ku Band 

Ku Band 

Ku Band 

Frequency (GFlz) 

15.005 

15.005 

15.005 

Distance (km) 

50 

100 

200 

RX noise figure (dB ) 

2.0 

2.0 

2.0 

IF bandwidth (MFlz) 

8 

8 

8 

TX power (dBm) 

44 

44 

44 

TX component loss (dB) 

5.5 

5.5 

5.5 

TX antenna gain (vertical) (dBi) 

20 

20 

20 

TX pointing loss (dB) 

1.5 

1.5 

1.5 

TX random loss (dB) 

0.5 

0.5 

0.5 

TX EIRP (dBm) 

56.5 

56.5 

56.5 

Free-space loss (dB) 

150 

156 

162 

Atmospheric absorption (dB) 

2.24 

4.49 

8.98 

Precipitation absorption (dB) 

0.0 

0.0 

0.0 

Total propagation loss (dB) 

152.24 

160.49 

170.98 

RX antenna gain (dBi) 

45 

45 

45 

RX polarization loss (dB) 

0.5 

0.5 

0.5 

RX pointing loss (dB) 

1.0 

1.0 

1.0 

RX component loss (MP) (dB) 

5.0 

5.0 

5.0 

Effective carrier power at RX input (dBm) 

-57.24 

-65.49 

-75.98 

RX noise threshold (dBm) 

103.28 

103.28 

103.28 

Calculated C/N at RX input (dB) 

46.04 

37.79 

27.3 

Required C/N at RX input (dB) 

5.2 

5.2 

5.2 

Calculated fade margin (dB) 

40.84 

32.59 

22.1 


TABLE 8.2 Uplink, UPL, and Budget Calculations 


Parameter 

Ku Band 

Ku Band 

Ku Band 

Frequency (GHz) 

14.759 

14.759 

14.759 

Distance (km) 

50 

100 

200 

RX noise figure (dB) 

3.0 

3.0 

3.0 

IF bandwidth (MHz) 

16 

16 

16 

TX power (dBm) 

43 

43 

43 

TX component loss (dB) 

6.0 

6.0 

6.0 

TX antenna gain (dBi) 

45 

45 

45 

TX pointing loss (dB) 

1.5 

1.5 

1.5 

TX random loss (dB ) 

0.5 

0.5 

0.5 

TX EIRP (dBm) 

80 

80 

80 

Free-space loss (dB) 

150 

156 

162 

Atmospheric absorption (dB) 

2.14 

4.27 

8.55 

Precipitation absorption (dB) 

0.0 

0.0 

0.0 

Total propagation loss (dB ) 

152.14 

160.77 

170.55 

RX antenna gain (vertical) (dBi) 

20 

20 

20 

RX polarization loss (dB) 

0.5 

0.5 

0.5 

RX pointing loss (dB ) 

0.5 

0.5 

0.5 

RX component loss (dB ) 

8.3 

8.3 

8.3 

RX PG (dB) 

16.9 

16.9 

16.9 

Effective carrier power at RX input (dBm) 

-44.54 

-53.17 

-62.95 

RX noise threshold (dBm) 

99.28 

99.28 

99.28 

Calculated C/N at RX input (dB) 

54.74 

46.11 

36.33 

Required C/N at RX input (dB ) 

8.5 

8.5 

8.5 

Calculated fade margin (dB ) 

46.24 

37.61 

27.83 
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TABLE 8.3 Downlink, DNL, and Budget Calculations: Dish-Omni 


Parameter 

Ku Band 

Ku Band 

Ku Band 

Frequency (GHz) 

15.005 

15.005 

15.005 

Distance (km) 

70 

75 

80 

RX noise figure (dB) 

2.0 

2.0 

2.0 

IF bandwidth (MHz) 

8 

8 

8 

TX power (dBm) 

44 

44 

44 

TX component loss (dB) 

5.5 

5.5 

5.5 

TX antenna gain (vertical) (dBi) 

2.15 

2.15 

2.15 

TX pointing loss (dB ) 

0.0 

0.0 

0.0 

TX random loss (dB) 

0.0 

0.0 

0.0 

TX EIRP (dBm) 

40.65 

40.65 

40.65 

Free-space loss (dB) 

152.9 

153.5 

154.0 

Atmospheric absorption (dB) 

2.07 

2.22 

2.37 

Precipitation absorption (dB) 

0.0 

0.0 

0.0 

Total propagation loss (dB) 

154.97 

155.72 

156.37 

RX antenna gain (dBi) 

45 

45 

45 

RX polarization loss (dB) 

0.5 

0.5 

0.5 

RX pointing loss (dB) 

1.0 

1.0 

1.0 

RX component loss (MP) (dB) 

5.0 

5.0 

5.0 

Effective carrier power at RX Input (dBm) 

-75.82 

-76.57 

-77.22 

RX noise threshold (dBm) 

103.28 

103.28 

103.28 

Calculated C/N at RX input (dB ) 

27.46 

26.71 

26.06 

Required C/N at RX input (dB) 

5.2 

5.2 

5.2 

Calculated fade margin (dB) 

22.26 

21.51 

20.86 


The downlink budget, horn to omnidirectional channels, tracking system calcula- 
tions are listed in Table 8.4. The downlink budget, omnidirectional to horn antenna 
channels, calculations are listed in Table 8.4 for three distances: 2, 5, and 10 km. The 
transmitting omnidirectional antenna gain is 2. 15dBi. The transmitter power is 44dBm. 
The receiving horn antenna gain is 14dBi. 

The downlink budget, omnidirectional to omnidirectional, tracking system calcula- 
tions are listed in Table 8.5. The downlink budget, omnidirectional to omnidirectional 
antenna channels, calculations are listed in Table 8.5 for three distances: 1 , 2, and 3 km. 
The transmitting omnidirectional antenna gain is 2.15dBi. The transmitter power is 
44dBm. The receiving omnidirectional antenna gain is 2.15dBi. 


8.1.2 Ku-Band Tracking System Antennas 

8. 1.2.1 Monopulse Parabolic Reflector Antenna The parabolic reflector antenna 
[1] consists of a radiating feed that is used to illuminate a reflector that is curved in the 
form of an accurate parabola with diameter D as presented in Figure 8.2. This shape 
enables a very beam to be obtained. To provide the optimum illumination of the 
reflecting surface, the level of the parabola illumination should be greater by lOdB 
in the center than that at the parabola edges. The parabolic reflector antenna gain 






TABLE 8.4 Downlink, DNL Link, and Link Budget Calculations: Horn-Omni 


Parameter 

Ku Band 

Ku Band 

Ku Band 

Frequency (GHz) 

15.005 

15.005 

15.005 

Distance (km) 

3 

5 

10 

RX noise figure (dB) 

2.0 

2.0 

2.0 

IF bandwidth (MHz) 

8 

8 

8 

TX power (dBm) 

44 

44 

44 

TX component loss (dB) 

5.5 

5.5 

5.5 

TX antenna gain (vertical) (dBi) 

2.15 

2.15 

2.15 

TX pointing loss (dB ) 

0.0 

0.0 

0.0 

TX random loss (dB) 

0.0 

0.0 

0.0 

TX EIRP (dBm) 

40.65 

40.65 

40.65 

Free-space loss (dB) 

125.5 

129.9 

136.0 

Atmospheric absorption (dB) 

0.13 

0.22 

0.45 

Precipitation absorption (dB) 

0.0 

0.0 

0.0 

Total propagation loss (dB) 

125.63 

130.12 

136.45 

RX antenna gain(l) (dBi) 

14 

14 

14 

RX polarization loss (dB) 

0.5 

0.5 

0.5 

RX pointing loss (dB) 

0.5 

0.5 

0.5 

RX component loss (MP) (dB) 

5.0 

5.0 

5.0 

Effective carrier power at RX input (dBm) 

-76.98 

-81.47 

-87.8 

RX noise threshold (dBm) 

103.28 

103.28 

103.28 

Calculated C/N at RX input (dB) 

26.3 

21.81 

15.48 

Required C/N at RX input (dB ) 

5.2 

5.2 

5.2 

Calculated fade margin (dB) 

21.1 

16.61 

10.28 

TABLE 8.5 Downlink and DNL Budget Calculations: Omni- 

-Omni 


Parameter 

Ku Band 

Ku Band 

KU Band 

Frequency (GHz) 

15.005 

15.005 

15.005 

Distance (km) 

1 

2 

3 

RX noise figure (dB) 

2.0 

2.0 

2.0 

IF bandwidth (MHz) 

8 

8 

8 

TX power (dBm) 

44 

44 

44 

TX component loss (dB ) 

5.5 

5.5 

5.5 

TX antenna gain (vertical) (dBi) 

2.15 

2.15 

2.15 

TX pointing loss (dB ) 

0.0 

0.0 

0.0 

TX random loss (dB) 

0.0 

0.0 

0.0 

TX EIRP (dBm) 

40.65 

40.65 

40.65 

Free-space loss (dB) 

115.964 

122.0 

125.5 

Atmospheric absorption (dB) 

0.0449 

0.09 

0.13 

Precipitation absorption (dB) 

0.0 

0.0 

0.0 

Total propagation loss (dB) 

116.0 

122.09 

125.63 

RX antenna gain (dBi) 

2.15 

2.15 

2.15 

RX polarization loss (dB) 

0.5 

0.5 

0.5 

RX pointing loss (dB ) 

0.0 

0.0 

0.0 

RX component loss (MP) (dB) 

5.0 

5.0 

5.0 

Effective carrier power at RX input (dBm) 

-78.7 

-84.79 

-88.33 

RX noise threshold (dBm) 

103.28 

103.28 

103.28 

Calculated C/N at RX input (dB) 

24.58 

18.49 

14.95 

Required C/N at RX input (dB) 

5.2 

5.2 

5.2 

Calculated fade margin (dB ) 

19.38 

13.29 

9.75 
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may be calculated by using Equation 8.1, where a is the parabolic reflector antenna 
efficiency. 


Parabolic Reflector Antenna Gain 


G-101og 10 |a^p^J 

Reflector antenna specifications 

Frequency: 14.5-15.3 GHz 
Gain: 45dBi 
Beamwidth: 0.8-0. 9° 

Dish diameter: 1.6 m 


( 8 . 1 ) 


Monopulse Comparator: Rat-Race Coupler A rat-race coupler is shown in 
Figure 8.3. The rat-race circumference is 1.5 wavelengths. The distance from A to 
A port is 31/4. The distance from A to Y P or t is 1/4. For an equal-split rat-race coupler. 
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FIGURE 8.4 Orientation between the monopulse antenna and the target. 


the impedance of the entire ring is fixed at 1.41 x Z 0 or 70.7 £1 for Z 0 = 50 Q. For an 
input signal V, the outputs at ports 2 and 4 are equal in magnitude, but 180° out 
of phase. 

Figure 8.4 presents the orientation between the monopulse antenna and the target. 
The distance between the two elements is d. A wavefront is incident at an angle 0. The 
phase difference between the two antennas is a phase A<f>. The angle 6 may be 
calculated by using Equation 8.2: 


0 = sin _1 



(8.2) 


Ku-Band Monopulse Reflector Antenna Feed A monopulse double-layer antenna 
was designed at 15 GHz. The monopulse double-layer antenna consists of four circu- 
lar patch antenna as shown in Figure 8.5. The resonator and the feed network were 
printed on a substrate with relative dielectric constant of 2.5 with thickness of 0.8 
mm. The resonator is a circular microstrip resonator with diameter, a = 4.2 mm. 
The radiating element was printed on a substrate with relative dielectric constant of 
2.2 with thickness of 0.8 mm. The radiating element is a circular microstrip patch with 
diameter, a = 4.5 mm. The four circular patch antennas are connected to three 3dB 
180° rat-race couplers via the antenna feed lines, as shown in Figure 8.5. The 
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FIGURE 8.5 A microstrip stacked monopulse antenna. 

comparator consists of three stripline 3dB 180° rat-race couplers printed on a substrate 
with relative dielectric constant of 2.2 with thickness of 0.8 mm. The comparator has 
four output ports — a sum port difference port A, elevation difference port AE1, and 
azimuth difference port AAz — as shown in Figure 8.5. The antenna bandwidth is 10% 
for VSWR better than 2:1. The antenna beam width is around 36°. The measured 
antenna gain is around lOdBi. 

Monopulse comparator specifications 

Frequency: 14.5-15.3 GHz 

Insertion loss: 0.6dB 

VSWR: 1.3 : 1 

The comparator losses around 0.7dB. The elevation error in the tracking system is 
calculated from the difference signal AE1 and the azimuth error from the difference 
signal AAz. The resulting local minimum in the A port at the center of the boresight 
is very deep, more than -20dB, as shown in Figure 8.6. A high angular accuracy in the 
tracking process is achieved by comparing the sum and difference signals. A unique 
tracking algorithm is implemented inside the monopulse processor. 

Reflector antenna performance 

Frequency: 14.5-15.3 GHz 

Gain: 45dBi 
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FIGURE 8.6 Monopulse antenna radiation pattern at the A port. 
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FIGURE 8.7 Ku-band horn antenna feed. 


Beamwidth: 0.9° 

Dish diameter: 1.6 m 

8. 1.2.2 Horn Antenna 

Horn antenna specifications 

Frequency: 14.5-15.3 GHz 
Gain: 14dBi 

Dimensions: 160.5 x 67.6 x 42.5 mm 

The horn antenna is fed by a coaxial connector as shown in Figure 8.7. The tran- 
sition from coax to waveguide is presented in Figure 8.7. The Ku-band horn antenna 
assembly is presented in Figure 8.8. Ku-band hom antenna fabrication drawing is 
shown in Figure 8.9. The dimensions in inches of a Ku-band waveguide are listed 
in Table 8.6. The hom antenna dimensions are 160.5 x 67.6 x 42.5 mm. The horn 
antenna gain is around 14dBi. 

8. 1.2.3 Omnidirectional Antenna The omni antenna is a quarter wavelength 
monopole antenna. The antenna length is around 5 mm. The monopole ground plane 
diameter is 120 mm. 
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42.5 160.5 



TABLE 8.6 Ku-Band Waveguide Dimensions in Inches 


WR 

AMC 

Frequency 

Material 

Inside 

Outside 

Wall 

Cover 

Size 

Model 

(GHz) 

Type 

Dimension 

Dimension 

Size 

Flange 

62 

207 

12.4-18.0 

6061 AI 

0.622x0.311 

0.702x0.391 

0.04 

UG1665/U 


Omnidirectional antenna specifications 

Frequency: 14.5-15.3 GHz 
Gain: 2dBi 

Dimensions: 0 12 mm x 120 mm 
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8.1.3 Monopulse Processor 

A block diagram of the tracking monopulse system is shown in Figure 8.10. 

The tracking monopulse system consists of antennas, low-noise amplifier (LNA), 
phase comparator array, and a controller. The block diagram of the tracking controller 
system is shown in Figure 8.1 1. A detailed block diagram of the monopulse tracking 
unit is shown in Figure 8.12. The sum, elevation difference, and azimuth difference sig- 
nals are amplified by an LNA and downconverted by a mixer to 2.4 GFIz. The signals 
are amplified and downconverted to DC and up to 20 MHz. The downconverted signal 
is fed to a digital processing unit. The digital processing unit supplies the tracking data 
to the tracking controller shown in Figure 8.11. The monopulse tracking unit (Fig. 8.12) 
consists of sum and difference channels. Each channel consists of amplifier, filter, IF 
downconverter mixer, IF amplifier and filter, and downconverter mixer to baseband 
and filter. The baseband signal from the sum and difference channels is connected to 
a digital processing unit that provides the tracking commands to the tracking controller. 

Pointing system specifications 

Elevation range: 0-50° 

Azimuth range: continuous in either direction, 360° continuous 



FIGURE 8.10 Monopulse processor. 
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FIGURE 8.11 Tracking system controller. 
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FIGURE 8.12 Monopulse tracking unit. 



FIGURE 8.13 Omnidirectional link. 


Accuracy: ±0.1° azimuth, elevation 
Position repeatability: ±0.1° 

Position step resolution: continuous 

Platform dynamics 

Pitch: ±5°/s 

Tangential acceleration: ±0.5 g 
Turning: 457s and 37s 2 

A block diagram of the omnidirectional link is shown in Figure 8.13. The omni- 
directional link consists of a transmitter, an omnidirectional antenna, and an electrical 
power supply unit. 
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TABLE 8.7 HPA Specifications 


Parameter 

Value 

Tolerance 

TX frequency 

14.5-14.8 GHz 


ldB compression point 

47 dBm 

Min. under all conditions 

TX gain 

80dBm 

Min. under all conditions 

TX gain adjustment range 

+6.0 to -20dB 


TX level flatness 

±0.8dB 

Over any 36 MHz BW 

TX gain stability 

±0.8dB 

Overall temperature and 
frequency 

TX linearity 

-53dBc 

2 carriers at 6dB back-off 

Input impedance 

5012 


Input connector 

SMA 


Input VSWR 

01 : 01.2 

Nominal 

Input NF 

6dB 

Maximum 

Output impedance 

50 a 


Output connector 

WR75 

W/gasket 

Output VSWR 

01 : 01.2 

Nominal 

Output port protection 

Open/short internally protected 


Visual indicators 

Green LED: power on 

Red LED: summary alarm 


BIT indications 

FWD VSWR 

REV VSWR 

High voltage 

Low voltage 

AGC SAT (low RF) 

High temp. 


Power 

28VDC/TDB Amp 

Not to exceed 

Temperature 

Operational: -40°C to +55°C 
Storage: -60°C to +75°C 


ODU 

IP65 


Vibration 

1 g random 

Operational 

Shock 

10g 

Operational 

Weight 

5 kg 



8.1.4 High Power Amplifier 

The desired output power of 47dBm may be achieved by combining nine 6.5 W 
packed MMIC power amplifier modules. The HPA specifications are listed in 
Table 8.7. 


8. 1.4.1 HPA Design Based on a 6.5 W Ku-Band Power Amplifier 

Basic power amplifier module performance 

6.5 W Ku-band power amplifier 
Frequency range: 13-16 GHz 
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FIGURE 8.14 Power amplifier block diagram with 9 x 6.5 W power modules. 


38dBm nominal Psat 

24dB nominal gain 

14dB nominal return loss 

0.25 pm PHEMT MMIC technology 

10 lead flange package 

Bias conditions: 8 V at 2.6 A Idq. 

Package dimension: 0.45 x 0.68 x 0.12 in. 


HPA DC power 

DC voltage: 8 V 

Current: 35 A 

Total power: 300 W max. 

A block diagram of a power amplifier with nine 6.5 W power modules is presented 
in Figure 8.14. The -20dBm input power is amplified from around 50dB medium 
power module to 27dBm. The output of the 27dBm amplifier is connected to a printed 
nine-way power divider. 

The output ports of the power divider are connected to nine 6.5 W modules with 
23 dB gain. The output power of each 6.5 W module is around 38dBm. 

The nine 6.5 W modules are combined by a waveguide combiner. The output 
power of the HPA is 47dBm. Transmitter gain and power budget are listed in 
Table 8.8. 


INTEGRATED Ku-BAND AUTOMATIC TRACKING SYSTEM 


223 


TABLE 8.8 Transmitter Gain and Power Budget 


Component 

Gain/Loss (dB) 

Pout (dBm) Amplifier 

Input power min. 


-20 

Amplifier 

19-24 

-1 

Filter 

-1 

-2 

Amplifier 

20 

18 

Amplifier 

9 

27 

Nine-way power divider 

-10.5 

16.5 

Amplifier 

23 

38 

1 : 9 power combiner 

10 

47 

Total with AGC 

70-76 




FIGURE 8.15 Packed MMIC 6.5 W power module. 

Packed MMIC 6.5 W power module is shown in Figure 8.15. HPA DC power tree 
is shown in Figure 8.16. The expected results of the 1 : 9 waveguide power combiner 
are listed in Table 8.9. 

8. 1.4.2 HPA Design with 41.5dBm Power Modules The desired output power of 
47dBm may be achieved by combining four 14 W packed MMIC power amplifier 
modules. The HPA specifications are listed in Table 8.7. 

Basic 42dBm power amplifier module performance 

/= 13.75-14.5 GHz 

Output power at ldB gain compression point: PldB 41.5-42.0dBm 
Power gain at ldB gain compression point: GldB 5.0-6.0dB 
Drain current IDSl: 5. 5-6.0 A 
Power-added efficiency: VDS = 9 V IDSQ = 4.4 A 28% 

Third-order intermodulation distortion: IM 3 -25dBc 
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HPA 


T 

( 8V/24A ) 


250 mA 
8V-5V 


Tx drivers 




5 V/250mA 


TGA 8 V 
2.6VX9 


Tx PA Vg 

FIGURE 8.16 HPA DC power tree with 9 x 6.5 W modules. 


TABLE 8.9 Expected Results of the 1 : 9 Waveguide Power Combiner 


Parameter 

Measured Results 

Frequency range 

14.5-15.3 GHz 

Insertion loss 

0.8dB 

Amplitude balance 

0.4dB max. 

Phase balance 

+5° max. 

VSWR (input/output) 

1.5:1 


A block diagram of a power amplifier with four 1 4 W power modules is presented in 
Figure 8.17. The -20dBm input power is amplified from 50dB medium power module 
to 27dBm. The output of the 27dBm amplifier is connected to aprinted four-way power 
divider. The output ports of the power divider are connected to four 6.5 W modules with 
23dB gain. The output power of each 6.5 W module is around 38dBm. 

The four 6.5 W modules are combined to four 14 W power modules. The four 14 W 
modules are combined by a waveguide combiner. The output power of the HPA is 
47dBm. Transmitter gain and power budget are listed in Table 8.10. HPA DC power 
tree of the 4 x 14 W modules is presented in Figure 8.18. 

HPA DC power 

DC voltage: 9 V 

Current: 35 A 

Total power: 315 W max. 
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TABLE 8.10 Gain and Power budget for HPA with Four-Way Power Combiner 


Component 

Gain/Loss (dB) 

Pout (dBm) Amplifier 

Input power min. 


-20 

Amplifier 

19-24 

-1 

Filter 

-1 

-2 

Amplifier 

20 

18 

Amplifier 

9 

27 

Four- way power divider 

-7 

20 

Amplifier 

23 

38 

Amplifier 

5 

43 

Four-way power combiner 

5 

48 

Total with AGC 

70-76 



Transmitter gain and power budget are listed in Table 8.10. The waveguide power 
divider and combiner of the power amplifier with 9 x 6.5 W power modules are shown 
in Figure 8.19. 

The waveguide power divider and combiner of the power amplifier with 4 x 14 W 
power modules are shown in Figure 8.20. 


8.1.5 Tracking System Downconverter/Upconverter 

The design of the down- and upconverter unit is presented in this section. 
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FIGURE 8.18 HPA DC power tree with 4 x 14 W modules. 



FIGURE 8.19 Power amplifier with 9 x 6.5 W power modules. 


8. 1.5.1 Tracking System Upconverter Design The upconverter consists of an RF 
amp with moderate NF to provide low overall system NF, high IP 3 double-balanced 
mixer with 20dBm local oscillator drive to provide linearity, medium power 
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FIGURE 8.20 Power amplifier with 4 x 14 W power modules. 


Attenuator of compensating 
Gain and Improving VSWR 



ThcrmalPad MXR driver ThermalPad Mixer RF BPF Driver ThermalPad PA ATT Harmonics 

2dB HMC414S8G 2dB HMC144Lh5 Commtact XB1008-QT 4dB TGA2904FL ldB LPF 

TVA0200N05 TVA0200N05 design MTVA0400N0 TS0501S Commtact 


“J_ — T%) H 


2.00 1 7.00 2.00 

■2.00 / 20.00 -2.00 

35.00 

26.00 


RF amp with moderate NF to 
provide low overall system NF 


High IP3 double balanced mixer with 20dBm 
LO drive to provide linearity 



u-# 


3.00 

-3.00 


2 W PA to provide high 
linearity at low power 


Mid power PA driver, with high 
linearity properties 


Total 

3.96 

58.50 

38.72 

29.00 


FIGURE 8.21 Block diagram of the upconverter. 


amplifiers, and 2 W power amplifier with high linearity and band-pass filters. A block 
diagram of the upconverter is shown in Figure 8.21. 

Upconverter specifications are listed in Table 8.11. 

The block diagram of the upconverter approves that the upconverter gain is around 
58dB and the noise figure is around 4dB. 
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TABLE 8.11 Upconverter Specifications 


Parameter 

Nominal 

Delta 

Gain (dB) 

58.5 

±4.5 

NF (dB) 

4 

±0.8 

OP1 (dBm) 

29 

±1.1 

ORR3 at -41 (dBm) input (dBc) 

42.5 

— 


TABLE 8.12 Upconverter Performance 


Parameter 

Value 

Tolerance 

IF input frequency 

2.38-2.48 GHz 


RF output frequency 

14.5-14.8 GHz 


ldB compression point 

21 dBm 

Min. under all conditions 

BUC gain 

54dBm 

Min. under all conditions 

BUC level flatness 

±0.8dB 

Over any 36 MHz BW 

BUC gain stability 

±0.8dB 

Overall temperature and frequency 

BUC linearity 

-53dBc 

2 carriers 300 K apart at 6dB 
back-off 

Input impedance 

50 0 


Input connector 

SMA 


Input VSWR 

01 : 01.2 

Nominal 

Input NF 

3dB 

Maximum 

Output impedance 

50 0 


Output connector 

SMA 

W/gasket 

Output VSWR 

01 : 01.2 

Nominal 

Visual indicators 

Green LED: power on 

Red LED: summery alarm 


BIT indications 

High voltage 

Low voltage 

AGC SAT (low RF) 

High temp. 


Power 

28 VDC/TDB Amp 


Temperature 

Operational: -40°C to +55°C 
Storage: -60°C to +75°C 


Vibration 

1 g random 

Operational 

Shock 

10g 

Operational 

Weight 

0.85 kg 



Upconverter performance is listed in Table 8.12. The upconverter gain is around 
58.5dB, and the noise figure is around 4dB. Upconverter power consumption is listed 
in Table 8.13. 

8. 1.5.2 Tracking System Downconverter Design The downconverter consists of 
an RF amplifier with moderate NF to provide low overall system NF, high IP, double- 
balanced image reject mixer with 20dBm local oscillator drive to provide linearity, 
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TABLE 8.13 Upconverter Power Consumption 


Component 

Voltage (V) 

Current (mA) 

Power (W) 

IF LNA 

5 

180 

0.9 

Mixer driver 

5 

500 

2.5 

PA driver 

5 

100 

0.5 

PA driver 

-0.5 

10 

0.005 

PA 

7 

700 

4.9 

PA 

-0.57 

50 

0.0285 


Total 

1540 

8.8335 


Spurious rejection filter 


LNA2 ThcrmalPad ThermalPad 
A AMMP-6220 5dB 4dB HMC516Ic5 

MTVA0500NO MTVA0400NO 



IF filter i 

HMC144Ih5 Murata / 

LFB312G445/ 


\ /I — A Xi — A- 


NF(dB) / 2.00 2.00 

Gain (dB) / 22.00 22.00 

OIP3 (dBm) / 21.00 21.00 

OPldB(dBm) / 10.00 10.00 


Double LNA for 
achieving high gain at 
RF and no NF 
degradation 



3.00 12.00\ 

-3.00 -12.00 1 

15.00 
3.00 


Low-noise stage 
for mixer drive 


Compensating for overgain 


Ti PA ThermalPad Harmonics 

TRF1123 3dB LPF 

TVA0300N03 LFCN-2250+ 


3.00 4.00 

-3.00 31.00 

51.00 

31.00 


2.00 

- 2.00 


Total 

2.01 

61.00 

30.11 

22.00 


High-linearity PA with 
1 6dB gain control 


Image reject mixer 


High-IP3 double balanced mixer with 
20dBm LO drive to provide linearity 


FIGURE 8.22 Block diagram of the downconverter. 


and medium power amplifier with high linearity and band-pass filters. A block dia- 
gram of the downconverter is shown in Figure 8.22. 

Downconverter specifications are listed in Table 8.14. 

The block diagram of the downconverter approves that the downconverter gain is 
around 61dB and the noise figure is around 2dB. Downconverter performance is listed 
in Table 8.15. The upconverter gain is around 61dB and the noise figure is around 
2dB. Upconverter power consumption is listed in Table 8.16. 


8.1.6 Tracking System Interface 

A block diagram of tracking system interface is shown in Figure 8.23. The block 
diagram of the HPA interface is shown in Figure 8.24. Ku-band automatic tracking 
system assembly is shown in Figure 8.25. 
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TABLE 8.14 Downconverter Specifications 


Parameter 

Value 

Tolerance 

IF output frequency 

2.38-2.48 GHz 


RF input frequency 

15-15.3 GHz 


ldB compression point 

2dBm 

Min. under all conditions 

BDC gain 

58dBm 

Min. under all conditions 

BDC level flatness 

±0.8dB 

Over any 36 MHz BW 

BDC gain stability 

±0.8dB 

Overall temperature and frequency 

BDC linearity 

-53dBc 

2 carriers 300 K apart at 6dB 
back-off 

Input impedance 

50 0 


Input connector 

SMA 


Input VSWR 

01 : 01.2 

Nominal 

Input N.F. 

2.4dB 

Maximum 

Output impedance 

50 0 


Output connector 

SMA 

W/gasket 

Output VSWR 

01 : 01.2 

Nominal 

Visual indicators 

Green LED: power on 

Red LED 


BIT indications 

High voltage 

Low voltage 

AGC SAT (low RF) 


Power 

28 VDC/TDB Amp 

Not to exceed 

Temperature 

Operational: -40°C to +55°C 
Storage: -60°C to +75°C 


Vibration 

1 g random 

Operational 

Shock 

10g 

Operational 

Weight 

0.45 kg 


LO phase noise 

SSB phase noise offset: 

10 Hz -35dBc 

100 Hz -65dBc 

1 kHz -77dBc 

10 kHz -85dBc 

100 kHz -95dBc 

1 MHz -llOdBc 


Reference 

10 MHz 

1.2 ppm 


Internal 

TCXO 


TABLE 8.15 Downconverter Performance 


Parameter 

Nominal 

Delta 

Gain ( dB ) 

61 

±3.7 

NF (dB) 

2 

±0.6 

OP1 (dBm) 

22 

±2 

ORR3 at -62dBm input (dBc) 

62.53 

— 








TABLE 8.16 Downconverter Power Consumption 


Component 

Voltage (V) 

Current fmA) 

Power (W) 

LNA1 

3 

55 

0.165 

LNA2 

3 

55 

0.165 

MXR driver 

3 

65 

0.195 

IF PA 

7 

600 

4.2 

IF PA 

5 

25 

0.125 

IF PA 

-5 

15 

0.075 


Total 

815 

4.925 


AV dd DV dd V p SDV dd r set 



AGND DGND CPGND 

FIGURE 8.23 Tracking system interface block diagram. 


From GKCA 


RS-232 



► 

CPU 

Power amplifier 



► 

To GKCA 




FIGURE 8.24 HPA interface block diagram. 
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FIGURE 8.25 Ku-band automatic tracking system. 


Control 

LO frequency set: SPI or RS-232 (both available) 
SP1 standard protocol 
RS-232 standard protocol 
Indications (via RS-232): 

Overvoltage 
Undervoltage 
Lock (synthesizer) 


Tracking system interface with HP A 

Controls (via RS-232): 

On/off power 
Indications (via RS-232): 

High temperature 
Overvoltage 
Undervoltage 
VSWR (FWD, REV) 

AGC status 
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8.2 SUPER COMPACT X-BAND MONOPULSE TRANSCEIVER 

The RF head goal is to receive and transmit X-band RF signals via monopulse micro- 
strip antenna. The RF signal is downconverted to 60 MHz. The RF head may be 
employed in combined electromagnetic and optical seekers. 


8.2.1 RF Head Description 

The RF head block diagram is shown in Figure 8.26. The RF head has five input ports: 
sum, azimuth difference and elevation difference, guard, and BIT. The transmitting 
channel can transmit 60 W CW signal or 400 W pulse peak power. The sum RF signal, 
the transmitting channel, is routed through a circulator limiter and a digital attenuator 
with 0-20dB attenuation level. The output port of the digital attenuator is connected to 
a very-low-noise amplifier with 26dB gain and 1 .2dB noise figure. The sum RF signal 
is routed to the image-rejected mixer via a lOdB digital attenuator (0 or lOdB) and a 
band-pass filter. The difference (AAz, AE1) antenna output ports are connected via a 
limiter to an SP3T switch. The difference (AAz, AE1) channels are identical to the sum 
channel. The same RF components are used in the sum and difference channels. The 
guard input port is also connected to the SP3T switch via limiter. Downconversion to 
IF (60 MHz) is performed by 10.64 GHz LO signal. A power divider is used to supply 
the local oscillator signal to the IRM mixers of the transmitting and receiving chan- 
nels. An RF built-in-test (BIT) signal is injected to the RF head for BIT and calibration 
purposes. 



FIGURE 8.26 X-band transceiver block diagram. 
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8.2.2 RF Head Specifications 

RF head specifications are listed in Table 8.17. The difference channel (AAz, AE1) 
gain should be around lOdB and the difference channel noise figure should be around 
5dB. The sum channel gain should be 1 ldB, and the sum channel noise figure should 
be around 5dB. 


TABLE 8.17 RF Head Specifications 


Parameter 

Specification 

1. Frequencies 

RF frequency 

10,550-10,850 MHz 

IF frequency 

60 MHz 

2. TX input 

Peak power 

400 W max. 

Average power 

60 W max. 

PRF 

2-220 kHz 

Pulse width 

0.1-15 ps 

Duty factor 

15% max. 

3. Noise figure NF at +25°C 

X channel 

NF = 5dB 

A channel 

NF = 5dB 

Guard channel 

6.0dB max. 

4. RF to IF gain 

At 25°C at 10,700 MHz 

X channel 

10-12dB 

A channel 

8.5-1 1.5dB 

Gain change versus frequency at 25°C 

2dB max. 

Gain change versus temp. 

3dB max. 

RF to IF gain guard 

8.5-1 1.5dB 

Amplitude matching 

+0.5dB 

Phase matching 

+8° 

5. Isolation 

Sum to A 

20dB min. 

Between A 

20dB min. 

Guard to X 

30.0dB max. 

6. 1 Db C.P. 

25°C at OdB att. 

X channel 

-8.0dBm min. 

A channel 

-9.5dBm min. 

25°C at 30dB att. 

+ 12dBm min. 

7. IP 3 

25°C at OdB att. 

X channel 

-6dBm min. 

A channel 

-7.5dBm min. 

At 30dB att. 

+ 12.5dBm min. 

8. Recovery time 

Recovery time 

200 ns 

9. VSWR 

IF port VSWR 

1.5 : 1 max. 

RF guard VSWR 

1.5 : 1 max. 
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TABLE 8.17 ( Continued ) 


Parameter 

Specification 

Bit VSWR 

2.0 : 1 max. 

TX VSWR1+750 MHz) 

1.6 : 1 max. 

LO input 

1 .6 : 1 max. 

A and 2 channel 

1.8 : 1 max. 

10. Circulator isolation 


Circulator isolation 

19dB min. 

11. Channel power handling 

Limiter requirement 

10,550-10,850 MHz 


Pulse width 

15 ps max. 

Duty factor 

15% max. 

Av. power 

5 W max. 

Peak power 

40 W max. 

2,000-18,000 MHz 


CW power 

1 W max. 

12. switches and attenuators 


Rise/fall time 

50 ns 

Switching speed 

100 ns 

13. Attenuator value 


lOdB att. 

+2.5dB 

20dB att. 

+2.5dB 

14. Image rejection 

20dB min. 

15. LO input 


Frequency 10,490-10,790 MHz 


Power level 

10-15dBm 

16. Frequency response, fixed LO 

Filter requirement 

-3dB points 

10.7 + 0.75 GHz 

Rejection at +1200 MHz 

20dB min. 

Rejection at +2400 MHz 

30dB min. 

17. Switch on time 

300 ns max. 

18. Power consumption 

12 W 


8.2.3 RF Head Design 

Gain and noise figure budget at the output of the difference channels (AAz, AE1) is 
presented in Figure 8.27. The difference channel (AAz, AE1) gain is around 10.5dB 
and the difference channel noise figure is around 4.2dB. 

Gain and noise figure at the output of the sum channel is presented in Figure 8.28. 
The sum channel gain is around ll.ldB, and the sum channel noise figure is 
around 4.5dB. 

The compact X-band RF head photo and component arrangement is presented in 
Figure 8.29. The development and design of the X-band RF head are based on MIC 
and MMIC technology. The RF head modules are connected by short semirigid coax- 
ial cables to minimize losses in the RF head receiving and transmitting channels. 
Packed MMIC components are used to minimize system volume and weight. The test 
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System 1 

Limiter and Attenuator Attenuator Filter Mixer 
SP3T and LNA 






i 


A 








> 




yy 

Total 


Gain (dB) 

-2.00 

21.00 

-0.70 


-0.80 

-7.00 

10.50 

NF (dB) 

2.00 

2.00 

0.70 


0.80 

7.00 

4.13 

OPldB (dBm) 

20.00 

20.00 

20.00 




20.00 

11.42 

Input pwr (dBm) 

-60.00 

System temp (K) 


290.00 




FIGURE 8.27 

Gain and noise figure budget at the output of the difference channels. 


System 1 

Circulator Limiter Attenuator LNA Attenuator Filter Mixer 

-B 

Total 


Gain (dB) 

-0.70 

-1.00 

-0.70 

22.00 

-0.70 

-0.80 

-7.00 

11.10 

NF (dB) 

0.70 

1.00 

0.70 

2.00 

0.70 

0.80 

7.00 

4.50 

OPldB (dBm) 

40.00 

40.00 

40.00 

20.00 

20.00 


17.00 

11.42 


Input pwr (dBm) -60.00 System temp (K) 290.00 

FIGURE 8.28 Gain and noise figure at the output of the sum channel. 
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FIGURE 8.29 Compact X-band RF head. 
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TABLE 8.18 Test Setup 


Setup Measurements 

Measurements 

Network analyzer 851 

Phase and amplitude balance VSWR gain isolation 

NF meter 

NF 

Oscilloscope 

Rise/fall time 

Spectrum analyzer 

Image rejection 

Power meter 

Power handling 

Synthesizer 

RF + LO source 

Power supply 

+5 V. ±15 V 

Control unit 

Control commands 


cables are used to test all RF head channels at RF head input and output ports. 
Flowever, the test cables are removed to integrate the RF head to the monopulse 
antenna. 

8.2.4 RF Head Measurements 

Measurement list and test setup are listed in Table 8.18. 

Detail measurement list and system requirements are listed as follows: 

8.2.4. 1 Test List 

1. Frequencies 

RF frequency 

10550-10850 MHz 

IF frequency 

60 MHz 

2. TX input 

Circulator test 

Peak power 

400 W max. 

Average power 

60 W max. 

PRF 

2-220 kHz 

Pulse width 

0.1-15 user 

Duty factor 

15 max. 

3. Losses 

Comparator test 

Bit to guard 

3dB max. 

TX to A, B, C, and D total loss 

1.75dB max. 

4. NF at +25°C 

NF meter 

A, B, C, D, to X 

Channel 10.5dB max. 

A, B, C, D to A 

(For A + B + C +D, NF = 5dB)“ 
Channel ll.OdB max. 

Guard 

(For A + B + C + D, NF = 5dB) a 
Channel 6.0dB max. 


'Without comparator. 
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Network analyzer tests 


5. RF to IF gain (A, B, C, D to X, El, Az channels) 

25°C at 10,700 MHz 

5-7 dB 

(For A + B + C + D, G=1 l/13dB) 

Gain change versus frequency at 25 °C 

2dB max. 

Gain change versus temperature 

3dB max. 

5.1. RF to IF gain (guard) 

5-7 dB 

6 . Isolation 


Sum to A 

20dB min. 

Between A 

20dB min. 

Guard to X 

30.0dB max. 

Bit to X gain 

-30dB max." 

Bit to A gain 

-30dB max." 

Between A, B, C, and D 

20dB min." 

"Test with antenna. 


7. ldB C.P. INPUT (A, B, C, D to X, El, Az channels) 

At 25°C at OdB att. 

-9.5dBm min. 


(For A + B + C + D, ldBc = 


-6dBm) 

At 25°C at 3 OdB att 

+1 1.5dBm min. 


(For A + B + C + D, ldBc = 


12dBm) 

8. IP3 input (A,B,C,D to X, El, Az channels) 


At 25°C at 3 OdB 

-9.5dBm min. 


(For A + B + C + D, 1P3 = -6dBm) 

At 25°C at 3 OdB 

+19.5dBm min. 


(For A + B + C + D, 1P3 = 


12.5dBm) 

Spectrum analyzer tests 


9. Recovery time 


Recovery time 

200 ns 

Tests with limiter 


10.VSWR 


IF ports VSWR 

1.5 : 1 max. 

RF guard VSWR (low-loss state) 

1.5 : 1 max. 

Bit VSWR 

2.0 : 1 max. 

TX VSWR (±75 MHz) 

1 .4 : 1 max. 

Lo VSWR 

1.3 : 1 max. LO test 

A, B, C, and D VSWR 

1.5 : 1 max. 
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Test with antenna 


1 1 . Comparator balance 


Phase balance 

10° max. 

Amp. balance 

LOdB max. 

12. Circulator isolation — circulator test 


Circulator isolation 

19dB min. 

13. Channel power handling 


13.1. 10,550-10,850 MHz band 


Pulse width 

15 (is max. 

Duty factor 

15 max. 

Avg. power 

6 W max. 

Peak power 

13.2. 000-18,000 MHz band 

40 W max. 

CW power 

1 W max. 

13.3. BIT power handling 

1 W average max. 

14. Swatches and attenuators — switch test 


Rise/fall time 

50 ns 

Switching speed 

100 ns 

15. Attenuator value 


lOdB att 

±2.5dB 

20dB att 

±2.5dB 

16. Image rejection 

20dB min. 

17. LO input 


Frequency 

10,490-10,790 MHz 

Power level 

10-15dBm 

LO to comparator input isolation 

18. Frequency response at fixed LO mixer test 

40dB 

-3dB points 

10.7 ±0.75 GHz 

Rejection at ±1200 MHz offset 

20dB min. 

Rejection at ±2400 MHz offset 

30dB min. 

19. Switch on time 

20. Power supply current 

21. W DC power 

300 ns max. 


8.2.5 X-Band RF Head Test Results 

RF head test results are presented in Table 8.19. 

The integrated RF head with the microstrip antenna array measured gain of 
the sum, guard, and difference channels is shown in Figure 8.30. The sum chan- 
nel gain is around 30dB. The difference channel gain is around 27.5dB. The 
guard channel gain is around 17dB. RF head measured gain is listed in 
Table 8.20. 
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TABLE 8.19 Test Result Summary 


Test 

Expected Value 

Measured 

Pass Fail 

1. Frequencies 

RF frequency 

10.550-10,850 

MHz 

10,550-10.850 

MHz 

+ 

IF frequency 

60 MHz 

60 MHz 

+ 

2. TX input 

Peak power 

400W max. 

Circulator 

+ 

Average power 

60 W max. 


+ 

PRF 

2-220 kHz 


+ 

Pulse width 

0.1-15 ps 


+ 

Duty factor 

15% max. 


+ 

3. Noise figure NF at +25°C 

Z channel 

NF = 5dB 

4.9dB 

+ 

A channel 

NF = 5dB 

5dB 

+ 

Guard channel 

4. RF to IF gain at 25°C 

6.0dB max. 

At 10.700 MHz 

5.5dB 

+ 

Z channel 

10-12dB 

1 ldB 

+ 

A channel 

8.5-1 1.5dB 

1 ldB 

+ 

Gain change versus frequency 

2dB max. 

2dB 

+ 

at 25°C 

Gain change versus temp. 

3dB max. 



RF to IF gain guard 

8.5-1 1.5dB 

1 ldB 

+ 

Amplitude matching 

Phase matching 

±0.5dB 

±8° 

±0.5dB 

+ 

5. Isolation 

Sum to A 

20dB min. 

25dB 

+ 

Between A 

20dB min. 

25dB 

+ 

Guard to Z 

6. ldB CP at 25°C 

30.0dB max. 

At OdB att. 

3 OdB 

+ 

Z channel 

-8.0dBm min. 

-7.5dBm 

+ 

A channel 

-9.5dBm min. 

-9.3dBm 

+ 

25°C at 30dB att. 

7. IP 3 at 25°C 

+12dBm min. 

At OdB att. 

+ 12dBm 

+ 

Z channel 

-6dBm min. 

-6dBm min. 

+ 

A channel 

-7.5dBm min. 

-7. 5 dBm min. 

+ 

For 30dB att. 

12.5dBm min. 

+12.5dBm min. 

+ 

8. Recovery time 

200 ns 

200 ns 

+ 

9. VSWRs 

IF port VSWR 

1.5 : 1 max. 

1.5: 1 

+ 

RF guard VSWR 

1.5 : 1 max. 

1.5: 1 

+ 

Bit VSWR 

2.0 : 1 max. 

2.0: 1 

+ 

LO input 

1.6 : 1 max. 

1.6: 1 

+ 

TX VSWR (+750 MHz) 

1.6 : 1 max. 

1.6: 1 

+ 

A and Z channel 

1.8: 1 max. 

1.8: 1 

+ 

10. Circulator isolation 

Circulator isolation 

19dB min. 

19dB min. 

+ 
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TABLE 8.19 ( Continued ) 


Test 

Expected Value 

Measured 

Pass Fail 

11. Channel power handling 

10,550-10,850 MHz 

Pulse width 

15 ps max. 

15 ps max. 

+ 

Duty factor 

15% max. 

15% max. 

+ 

Av. power 

5 W max. 

5 W max. 

+ 

Peak power 

40 W max. 

40 W max. 

+ 

2,000-18,000 MHz 

CW power 

1 W max. 

1 W max. 

+ 

12. Switches and attenuators 

Rise/fall time 

50 ns 

50 ns 

+ 

Switching speed 

100 ns 

100 ns 

+ 

13. Attenuator value 

lOdB att. 

±2.5dB 

lOdB att. 

+ 

20dB att. 

±2.5dB 

20dB att. 

+ 

14. Image rejection 

20dB min. 

20dB min. 

+ 

15. LO input 

Frequency 10,490-10,790 



+ 

MHz 

Power level 

10-15dBm 

10-15dBm 

+ 

16. Frequency response, fixed LO 

-3dB points 

10.7 ±0.75 GHz 


+ 

Rejection at +1200 MHz 

20dB min. 

20dB min. 

+ 

Rejection at +2400 MHz 

30dB min. 

30dB min. 

+ 

17. Switch on time 

300 ns max. 

300 ns max. 

+ 

18. Power consumption 

12 W 

11 W 

+ 



FIGURE 8.30 RF head measured gain. 
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TABLE 8.20 RF Head Measured Gain 


Frequency (GHz) 

G Guard (dB) 

G AE1 (dB) 

G AAz (dB) 

G S (dB) 

10.55 

17 

28 

28.5 

30 

10.6 

17.3 

27.7 

28.3 

30 

10.65 

17.6 

21 A 

28.2 

30 

10.7 

18 

27 

28 

30 

10.75 

18 

27.7 

28.3 

30 

10.8 

18 

28.5 

28.5 

30 

10.85 

16 

26.5 

26.5 

27 
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FIGURE 8.31 Photo of the measured X-band RF head. 



FIGURE 8.32 Photo of the integrated RF head with the microstrip antenna array. 
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A photo of the measured X-band compact RF head is shown in Figure 8.31. Also a 
photo of the integrated RF head with the microstrip monopulse antenna array is shown 
in Figure 8.32. The microstrip monopulse antenna array is printed on RT/duroid 5880 
substrate with dielectric constant of 2.2. The antenna consists of two layers. The first 
layer thickness is around 0.5 mm. The antenna feed network is printed on the first 
layer. Microstrip circular radiators are printed on the second layer. The antenna array 
thickness is around 1 mm. 

The antenna array has four output ports: sum, azimuth difference, elevation differ- 
ence, and guard. The antenna output is connected to the RF head input ports. 
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MIC AND MMIC COMPONENTS 
AND MODULES DESIGN 


9.1 INTRODUCTION 

MIC and MMIC technologies was presented in Chapter 4. In design of RF modules, 
we may gain the advantages of each technology by using both technologies in the 
development of RF transmitting and receiving modules, see Refs. [1-10]. For exam- 
ple, it is better to design filters by using MIC technology. However, compact and 
low-cost modules in mass production is achieved by using MMIC design. Design 
considerations of passive and active devices will be presented in this chapter. 


9.2 PASSIVE ELEMENTS 
9.2.1 Resistors 

Resistors, capacitors, and inductors are basic passive elements that are used in the 
design of MIC and MMIC modules. The resistor schematic is shown in Figure 9.1. 
The resistance may be computed by using Equation 9.1. Resistor equivalent circuit 
is presented in Figure 9.2: 


R = /\ s:: h 2 R c 


(9.1) 


Wideband RF Technologies and Antennas in Microwave Frequencies , First Edition. Dr. Albert Sabban. 
©2016 John Wiley & Sons, Inc. Published 2016 by John Wiley & Sons, Inc. 
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i? S h — The resistance of the metal film or doped semiconductor film 
S — Separation between Ohmic contacts 
W — The width of the conductor 
R c — The resistance of the contacts 


9.2.2 Capacitor 

Capacitor consists of two parallel plate conductors separated by a dielectric layer with 
dielectric constant c r and thickness d. The conductor area is A. The capacitor sche- 
matic is shown in Figure 9.3. The capacitance may be computed by using 
Equation 9.2: 


C=A 


eoe r 


(9.2) 


where e 0 = 8.85 10 12 F/m 

9.2.3 Inductor 

A narrow short printed transmission line, as shown in Figure 9.4, behaves as an induc- 
tor. The inductor equivalent circuit is presented in Figure 9.5. The inductance L and 
the capacitance C can be calculated by Equations 9.3 and 9.4. 



C 



FIGURE 9.2 Resistor equivalent circuit. 
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FIGURE 9.4 Short printed transmission line. 



FIGURE 9.5 Inductor equivalent circuit. 


Passive elements resistor, capacitor, and inductor in MMIC design are shown in 
Figure 9.6: 


L- 



C = 


1 


2kJZq 


tan 



(9.3) 

(9.4) 


9.2.4 Couplers 

Couplers are used to couple part of the power in the input port to a coupled port. Usu- 
ally couplers consists of two coupled quarter wavelength transmission lines and have 
four ports as shown in Figure 9.7. Pj is the input port, P 2 is the transmitted port, P 3 is 


248 


MIC AND MMIC COMPONENTS AND MODULES DESIGN 



FIGURE 9.6 Passive elements in MMIC design. 


Pi 

P 3 



P 2 

P4 


m 


FIGURE 9.7 Coupled lines. 


the coupled port, and P 4 is the isolated port. The coupled port may be used to obtain 
the information about the signal such as frequency and power level without interrupt- 
ing the main power flow in the device. If the power coupled to the coupled port is half 
of the input power, 3dB below the input power level, the power on the main transmis- 
sion line is also 3dB below the input power and equals the coupled power. Such a 
coupler is called as a 90° hybrid coupler or 3dB coupler. The coupling factor is 
the ratio between the coupled power to the input power in decibel, when the other 
ports are terminated, and is given by Equation 9.5. Coupler losses are expressed 
via the coupler insertion loss given in Equation 9.6. The actual coupler losses are 
due to coupling loss, dielectric losses, conductor losses, and matching losses: 


Coupling factor = CF= -10 log— 


Insertion loss = IL = 10 log ( 1 - — 


(9.5) 

(9.6) 


The isolation factor is the ratio between the power in the isolated port to the input 
power in decibel, when the other ports are terminated, and is given by Equation 9.7: 


Isolation = -10 log 


P4 

Pi 


(9.7) 
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FIGURE 9.8 A wideband mm-wave coupler. 


The coupler directivity is the ratio between the power in the isolated port to the coupled 
power in decibel, when the other ports are terminated, and is given by Equation 9.8: 


Directivity = D = -10 log 


P 4 

p 3 


(9.8) 


In several communication systems the amplitude and phase balance between the 
system ports is important in the signal processing process. Amplitude balance defines 
the power difference in decibel between two output ports of a 3dB hybrid. In an ideal 
hybrid circuit, the difference should be OdB. However, in a practical device, the 
amplitude balance is frequency dependent. The phase difference between two output 
ports of a hybrid coupler may be 0, 90, or 180° depending on the coupler type. 

9.2.5 A Wideband Millimeter- Wave Coupler 

A wideband mm-wave coupler is shown in Figure 9.8 and is printed on alumina with 
9.8 dielectric constant and 5.5 mil-inch thickness. The coupler frequency range is 
18^-0 GHz. The coupler was designed by Momentum ADS software. The coupling 
value is -13dB and is shown in Figure 9.9. The coupler insertion loss is 0.4dB and is 
shown in Figure 9.10. The coupler ,Si | parameter is better than -26dB and is shown in 
Figure 9.11. 


9.3 POWER DIVIDERS AND COMBINERS 

Power dividers and combiners are used to distribute or combine microwave signals. 
Power dividers and combiners are passive reciprocal devices. There are several types 
of power dividers and combiners such as Wilkinson power divider, rat-race power 
divider, and Gysel power divider. 


dB (5(1,1)) dB(5(l,3)) dB(5(l,2)) 



1 3 dB coupler Frequency (GHz) 

FIGURE 9.9 The coupler coupling value. 




Frequency (GHz) 


FIGURE 9.11 The coupler S n parameter. 
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9.3.1 Wilkinson Power Divider 

The Wilkinson power divider is shown in Figure 9.12. The impedance of the input 
port is Z 0 . At junction point O the input power is half of the input power. The imped- 
ance at junction point O will be 2Z 0 . A quarter wave transformer is used to match 2Z 0 
impedance to Zo The bandwidth of the Wilkinson power divider is around 20% band- 
width for VSWR better than 2:1. However, by using multiple section quarter wave 
transformers, we may achieve a bandwidth of 50% for VSWR better than 2 : 1. If a 
2Z 0 resistor is connected between the output ports, the isolation between the output 
ports will be around 15dB. If a resistor is not connected between the output ports, the 
isolation between the output ports will be lower than 6dB. The Wilkinson power 
divider may be used to get unequal power dividers. 

For example, two third of the input power at output port A and two third of the input 
power at output port B, the impedance of the impedance of the quarter wave transformer 
connecting point O to output port A should be 86.6 Q. The impedance of the impedance of 
the quarter wave transformer connecting point O to output port B should be 61.23 Q. 

9.3.2 Rat-Race Coupler 

A rat-race coupler is shown in Figure 9.13. The rat-race circumference is 1.5 wave- 
lengths. The distance from A to A port is 32\4. The distance from A to E port is 2\4. 




FIGURE 9.13 Rat-race coupler. 
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For an equal-split rat-race coupler, the impedance of the entire ring is fixed at 
1 .4 1 x Zq or 70.7 Q for Zo = 50 Q. For an input signal V, the outputs at ports 2 and 
4 are equal in magnitude but 180° out of phase. 


9.3.3 Gysel Power Divider 

The Gysel power divider is shown in Figure 9.14. The Gysel power divider is a wide- 
band power divider, around 60% bandwidth for VSWR better than 2:1. The Gysel 
power divider may transmit high power. 


9.3.4 Unequal Rat-Race Coupler 

The rat-race coupler may be used to get unequal power dividers. The unequal rat-race 
power divider is shown in Figure 9.15. The power ratio P A /P B may be achieved by 
realizing the impedances Zoa and Zqb as given in Equations 9.9 and 9.10: 


Zqa = Zq 


•Zob - Zq 


1 + (P a /Pb)' 


-I 0.5 


L OPa/Pb) 
p 1 0.5 

1 +^ 

Pfi 


(9.9) 

(9.10) 


9.3.5 Wideband Three-Way Unequal Power Divider 

In Figure 9. 16 a 6-1 8 GHz three-way power divider is presented. The power divider is 
printed on RT/duroid with dielectric constant of 2.2 and 10 mil-inch thickness. The 



FIGURE 9.14 Gysel power divider. 
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FIGURE 9.16 Wideband three-way unequal power divider. 
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dimensions of the power divider are around 40 x 24 x 0.25 mm. The power divider 
consists of three quarter wave transformer sections. The input power is divided to 
two third and third of the input port power. The two third of the input port power 
is divided by equal power divider to third of the input port power. The power divider 
insertion loss is around ldB. The power divider 5] i parameter is better than -lOdB in 
the frequency range of 6-18 GHz. The power divider was designed and optimized by 
Momentum ADS software. 


9.3.6 Wideband Six-Way Unequal Power Divider 

In Figure 9.17 a 6-18 GHz six-way power divider is presented. The power divider is 
printed on RT/duroid with dielectric constant of 2.2 and 10 mil-inch thickness. The 
dimensions of the power divider are around 68.79x23.4x0.25 mm. The power 
divider consists of three quarter wave transformer sections. The input power is divided 
to two third and third of the input port power. The two third of the input port power is 
divided by equal power divider to third of the input port power. The power divider 
insertion loss is around 1.5dB. The power divider S , 1 parameter is better than 
-lOdB in the frequency range of 6-18 GHz. The power divider was designed and 
optimized by Momentum ADS software. 



FIGURE 9.17 Wideband six-way unequal power divider. 
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9.3.7 Wideband Five-Way Unequal Power Divider 

In Figure 9.18 a 6-18 GHz five-way power divider is presented. The power divider is 
printed on RT/duroid with dielectric constant of 2.2 and 10 mil-inch thickness. The 
dimensions of the power divider are around 25.5 x 22. 1 x 0.25 mm. The input power 
is divided to two fifth and to three fifth of the input port power. The two fifth of the 
input port power is divided by equal power divider to fifth of the input port power. The 
three fifth of the input port power is divided by unequal power divider to fifth of the 
input port power and to two fifth of the power. The two fifth of the input port power is 
divided by equal power divider to fifth of the input port power. The power at each 
output port is fifth of the input power. The power divider insertion loss is around 
1.5dB. The power divider S u parameter is better than -KMB in the frequency range 
of 6-18 GHz. 



FIGURE 9.18 Wideband five-way unequal power divider. 
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9.4 RF AMPLIFIERS 

Amplifiers are specified by their gain, frequency, efficiency, linearity, power, and 
size. Power amplifiers are designed to transmit high-power values. However, low- 
noise amplifiers (LNA) are designed to get low-noise figure values. Gain amplifiers 
are designed to get higher gain values. A typical transceiver block diagram is shown in 
Figure 9.19. The transceiver consists of power amplifier in the transmitting channel, 
LNA in the receiving channel, and IF amplifiers. 

There are several definitions to amplifier gain. Power gain is the ratio of power 
dissipated in the load, Zl, to the power delivered to the input of the amplifier. Avail- 
able gain is the ratio of the amplifier output power to the available power from the 
generator source; it depends on Z G but it does not depends on Z L . Exchangeable gain 
is the ratio of the output exchangeable power to the input exchangeable power as writ- 
ten in Equation 9.11. Insertion gain is the ratio of the output power that would be dis- 
sipated in the load if the amplifier was not connected. There is a problem in applying 
this definition to mixers of parametric upconverters where the input and output fre- 
quencies are different: 


* {z ° } * 0 <9u) 

Transducer gain is the ratio of the power delivered to the load to the available 
power from the source. A two-port equivalent network is presented in Figure 9.20. 
This definition depends on both Zg and Z L . It gives positive gain for negative resist- 
ance amplifiers as well since the characteristics of real amplifiers impedance change 



FIGURE 9.19 Typical transceiver block diagram. 
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FIGURE 9.20 Two-port equivalent network. 


when either the load or generator impedance is changed. Thus the transducer power 
gain definition is found to be the most useful and is given in Equation 9.12: 

Load impedance is — > V 2 = —I 2 Zl 

Input impedance is — > Z; n = — = zi i — ~'~~ 21 

1 1 Z22 + Z L 

1 9 

Power delivered to the load is ~^P 2 = -|/i| 91{Z l } 


Power available from the source is — > P\ 3 = 


| V G | 


891 {Z G } 


Gt _Pi _ W{Z L }9l{Z G }\z 21 \ 2 

P\a |(ZG+Zll)(ZL + Z22)-Z2lZ2l| 2 

Transducer 

power 

gain 


(9.12) 


The available power, P a , is written in Equation 9.13: 

aI^gI 2 


l— |r G | 

The power delivered to the load is written in Equation 9.14: 


(9.13) 


= i-|r L | 2 


(9.14) 


The transducer gain is written in Equation 9.15. In Equation 9.16 the ratio Z^/^g is 
written. The transducer gain Gt is written in Equation 9.17: 


Gt : 


\b 2 \ 


■|r L i 2 )(i-|r G | 2 ) 


(9.15) 
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be, 

1 — S'iiFg S21 

1 ^ 2 i^i 2 r G r L (i-5 22 r L ) 

(i-5nr G )(i-5 22 r L ) 

|^i| 2 (i-|r G | 2 )(i-|r L | 2 ) 

|(i-5 n r G )(i-522r L )-r G r L 52iS 12 | 2 


(9.16) 


(9.17) 


9.4.1 Amplifiers Stability 

A stable amplifier is an amplifier that does not oscillate. Oscillations may occur when 
there is some feedback path from the output back to the input or under certain envi- 
ronmental conditions. The criteria for unconditional stability require that for any pas- 
sive terminating loads. It is helpful to find the borderline between the stable and the 
unstable regions. The Smith chart may be helpful in defining stability circles for the 
amplifier input and output impedances. The center and the radius of the stability cir- 
cles for the amplifier input and output ports are given in Equations 9.18 and 9.19: 


Cl = 0 U ^ (load center) C G = — , 1 (generator center) 


|A| -|S 22 | 


! A r-l 5 22| 


r L = 


SnSn 


|A| 2 -|5 22 | 2 


(stability radius)r G = 


S21S12 


|A| 2 -|Sn| 2 


(9.18) 

(9.19) 


where |A| = IS 11 S 22 -S 12 S 21 1 

These two stability circles represent the borderline between stability and instabil- 
ity, and they are drawn on a Smith chart. Unconditional stability requires that both 
|F,| < 1 and |Fo| < 1 for any passive load impedance and generator impedance con- 
nected to the ports. 

The Rollett criteria determines if a given transistor is unconditionally stable for any 
passive load impedance and generator impedance connected to the ports. 

There are two conditions written in Equations 9.20 and 9.21: 

7 l-|g 11 | 2 -|g 2 2| 2+ |A| 2 ^ 1 

2|6’i 2 S 2 i 

|a|<i 

where 

{ | A | = |S'iiS , 2 2 -S , i 2 S , 2 i | < |SnS 22 | + |5 i 2 5 2 i|} 

9.4.2 Stabilizing a Transistor Amplifier 

There are a variety of approaches to stabilize an amplifier. We can stabilize the ampli- 
fier by choosing the amplifier terminating impedances inside the stable regions at all 


(9.20) 

(9.21) 
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frequencies. We can also load the amplifier with an additional shunt or series resistor 
on either the generator or load ports. However it is better to load the output port to 
optimize the amplifier NF. Another approach is to introduce an external feedback path 
to minimize the internal feedback of the transistor. 


9.4.3 Class A Amplifiers 

Class A amplifiers amplifies the incoming signal in a linear fashion. A linear class 
A amplifier will introduce low harmonic frequency components and low intermodu- 
lation distortion (IMD). The amplifier output voltage is given by Equation 9.22: 



(9.22) 


where w c is the high-frequency carrier frequency. Where co m is the low-frequency 
modulation, frequency IMD would result in frequencies at a> c +nw m . Harmonic 
distortion would cause frequency generation at kw c + nco m . 

Reduction of IMD depends on efficient power combining methods and careful 
design of the amplifier. Example of common emitter class A amplifier is presented 
in Figure 9.21. The amplifier currents and output voltage are given in Equations 


9.23 and 9.24: 


l'c = l'dc — t'o sin cot 


(9.23) 


wheie id C — IQ — loutmax 
iQ-quiescent current 


v cc 


+ 



O 


Class A 


> 



+ 



-c 



FIGURE 9.21 Common emitter class A amplifier. 
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V ce = V cc + V 0 sin®/ 


(9.24) 


where Voutmax — Gutmax * — Fee 

The maximum efficiency of the class A amplifier shown in Figure 9.21 is around 
25%. By replacing the collector resistor by an inductor, the efficiency may be 
improved up to 50%. 

9.4.4 Class B Amplifier 

The class B amplifier is biased so that the transistor is on only during half of the 
incoming cycle. The other half of the cycle is amplified by another transistor so that 
at the output the full wave is reconstituted. While each transistor is clearly operating in 
a nonlinear mode, the total input wave is directly replicated at the output. The class 
B amplifier is therefore classed as a linear amplifier. In this case the bias current, 
IC = 0. Since only one of the transistors is cut off when the total voltage is less than 
0, only the positive half of the wave is amplified. The conduction angle is 180°. 

Figure 9.22 shows a complementary type of class B amplifier. In this case transistor 
Q 1 is biased so that it is in the active mode when the input voltage V in > 0.7 and cut off 
when the input signal V m < 0.7. The other half of the signal is amplified by transistor 
Q2 when V in < 0.7. When no input signal is present, no power is drawn from the bias 



Qi 



Load 


FIGURE 9.22 Class B amplifier. 
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supply through the collectors of Q1 or Q2, so the class B operation is attractive when 
low standby power consumption is an important consideration. There is a small region 
of the input signal for which neither Q1 nor Q2 is on. The amplifier output will suffer 
some distortion. One of the primary problems in using this type of class B amplifier is 
the requirement for obtaining two equivalent complementary transistors. The problem 
fundamentally arises because of the greater mobility of electrons by over a 3 : 1 factor 
over that of holes in silicon. The symmetry of the gain in this circuit depends on 
the two output transistors having the same short circuit base to collector current gain, 
f) = iji h . When it is not possible to obtain a high Ppnp transistor, it is sometimes 
possible to use a composite transistor connection. A high-power npn transistor, 
Ql, is connected to a low-power low Ppnp transistor, Q2. 

The maximum efficiency of a class B amplifier is found by calculating the ratio of 
the output power delivered to the load to the required DC power from the bias voltage 
supply. By calculating efficiency in this way, power losses caused by nonzero base 
currents and crossover distortion compensation circuits are neglected. Furthermore 
the power efficiency rather than the power-added efficiency is calculated so as to form 
a basis for comparison for alternative circuits. It is sufficient to do the calculation dur- 
ing the part of the cycle when Ql is on and Q2 is off. The load resistance is R \ . 

The maximum output power occurs when the output voltage is V cc - Vc e (sat) and is 
given in Equation 9.25: 


d _nc(^ cc ^ce(sat) ) 

"L(max) -U.5 (9-25) 

n Vcc - F ce ( sat ) 

'/max =4 y «78.5% (9.26) 

This efficiency for the class B amplifier is around 78.5%, given in Equation 9.26, 
which should be compared with the maximum efficiency of a class A amplifier, where 
'/max is 25% when the bias to the collector is supplied through a resistor and r/ max is 
50% when the bias to the collector is supplied through an RF choke. 


9.4.5 Class C Amplifier 

The class C amplifier is useful for providing a high-power continuous wave (CW) or 
frequency modulation (FM) output. When it is used in amplitude modulation 
schemes, the output variation is done by varying the bias supply. There are several 
characteristics that distinguish the class C amplifier from the class A or 
B amplifiers. Class C amplifier is biased so that the transistor conduction angle is 
<180°. Consequently the class C amplifier is clearly nonlinear in that it does not 
directly replicate the input signal like the class A and B amplifiers do. The class 
A amplifier requires one transistor, the class B amplifier requires two transistors, 
and the class C amplifier uses one transistor. Topologically it looks similar to the class 
A except for the DC bias levels. It was noted that in the class B amplifier, an output 
filter is used optionally to help clean up the output signal. In the class C amplifier, such 
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a tuned output is necessary in order to recover the sine wave. Finally, class C operation 
is capable of higher efficiency than class A and class B. Class C amplifier, for the 
appropriate signal types, is very attractive as power amplifiers. 


9.4.6 Class D Amplifier 

In class D operation the transistors act as near ideal switches that are on half of the time 
and off half of the time. The input ideally is excited by a square wave. If the transistor 
switching time is near zero, then the maximum drain current flows while the drain- 
source voltage, Vj s = 0. As a result 100% efficiency is theoretically possible. In prac- 
tice the switching speed of a bipolar transistor is not sufficiently fast for square waves 
above a few megahertz, and the switching speed for field-effect transistors is not ade- 
quate for frequencies above a few tens of megahertz. 


9.4.7 Class F Amplifier 

A class F amplifier is characterized by a load network that has resonances at one or 
more harmonic frequencies as well as at the carrier frequency. The class F amplifier 
was one of the early methods used to increase amplifier efficiency and has attracted 
some renewed interest recently. When the transistor is excited by a sinusoidal source, 
it is on for approximately half the period time and off for half of the period time. 

9.4.8 Feedforward Amplifiers 

The feedback approach is an attempt to correct an error after it has occurred. A 180° 
phase difference in the forward and reverse paths in a feedback system can cause 
unwanted oscillations. In contrast, the feedforward design is based on cancellation 
of amplifier errors in the same time frame in which they occur. Signals are handled 
by wideband analog circuits, so multiple carriers in a signal can be controlled simul- 
taneously. Feedforward amplifiers are inherently stable, but this comes at the price of a 
somewhat more complicated circuit. Consequently feedforward circuitry is sensitive 
to changes in ambient temperature, input power level, and supply voltage variation. 
Nevertheless, feedforward offers many advantages that have brought it increased 
interest. The major source of distortion, such as harmonics, IMD, and noise, in a trans- 
mitter is the power amplifier. This distortion can be greatly reduced using feedforward 
design. 


9.5 LINEARITY OF RF AMPLIFIERS AND ACTIVE DEVICES 

Any continuous analytical function may described as given in Equation 9.27: 


Vo = J2 k > v L 

i = 1 


(9.27) 
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In the linear zone of the function, Vo may be approximated by the first three ele- 
ments of the Taylor series as written in Equation 9.28: 


V 0 ^K t V m + K 2 Vl+K 3 Vl (9.28) 

For a sinusoidal signal, the second-order element in Equation 9.2 influences the DC 
and the second harmonic at the output. In this analysis we assume that the magnitude 
of the input signal does not change the component parameters. K 1 is the first-order 
parameter and usually represent gain or attenuation. K 2 is the second-order parameter. 

K 3 is the third-order parameter. For a narrowband frequency range, Vo may be 
written as in 9.29: 


Vo-narrow band » *1 V in + K, (9.29) 

In active RE components when the input power is increased, we get a deviation 
from linearity of the output signal. If the input power is increased by X(dB), the output 
power is increased by V(dB). Where Y < X. The third-order component causes the 
deviation from linearity and compress the output signal (Fig. 9.23). Compression 
is obtained if 
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FIGURE 9.23 Third-order function versus linear function. 
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For a narrowband frequency range, Vo may be written as in Equation 9.30: 

I Vo | » I*, | V in -\K 3 \VI (9.30) 


After normalization of Equation 9.4 by Ki, Vq may be written as in Equation 9.31: 


V 0 \*V m -KVi 


where K = 


K3 

Ki 


(9.31) 


The output power of a linear device with gain of G| dB] is given in Equation 9.32: 


Fo-Lin dHm — tl B m + ^[dB] 


G[dB] -20k>g(Ad) 


(9.32) 


However in an active device, the output power of the device with gain of G[dB] is 
given in Equation 9.33: 


EouUlBm — ?V)-Bin[dBin +201og(l ^Pin[W]) 


where K = 


K3 

Ki 


The compression may be written as in Equation 9.34: 

Comp| dB] = 20 log (l -^p in [w]) 


(9.33) 


(9.34) 


Example 

The amplifier small-signal gain (SSG) is 12dB. The output ldBc power is 16dBm. 
What is the input power at the ldBc point? 

Solution 

The amplifier gain at compression point is lldB: 

E in = Pout - G = +5 dBm 
At ldB Comp 0.89125«l-/:p in . Com p[w] 
Compj dB ]«-201og(l-0.109 d) 
where ri=10 4 / 10 

and A = Ej n [dBm] — n -c: 0 rnpd Hi r n I 
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where P m _comp is the input power at ldBc power. Where A |c ibi is called as the input 
backoff. The maximum point of the function given at Equation 9.30 is written in 
Equation 9.35. The ldBc point is written in Equation 9.36: 


V'in-MAX - 



Vo-MAX _ ^ 

0.33 

0.29 

v°' CP *7F 



(9.35) 


(9.36) 


From Equations 9.35 and 9.36, we may conclude that for the maximum saturated out- 
put power the amplifier is 3.52dB compressed, relative to the linear line. The maxi- 
mum saturated output power of the amplifier is 2.34dB from ldBc output power. We 
have to increase the input power by 4.87dB from the ldBc input power to reach to the 
maximum saturated output power as shown in Figure 9.24. 



FIGURE 9.24 Saturation region in amplifiers. 
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9.5.1 Third-Order Model for a Single Tone 

Third-order model for a single tone was presented in Equation 9.2. The input signal 
may be presented by Equation 9.37. The output signal consists of a V dc component and 
the fundamental signal V fund and two harmonics, hi and h 3 , as written in 
Equation 9.38: 


Tin =a cos (coot) (9.37) 

Vo = V dc + Vfund + h 2 + h 2 (9.38) 

where the output signals are written in Equations 9.38-9.40: 

V dc = \K 2 a 2 (9.39) 

Vfund =(Vl + ^r 3 /)Vm (9.40) 

1 i 

hi = -K 2 a 2 cos(2coo0 (9-41) 

1 i 

h 2 = cos (3coot) (9.42) 


Figure 9.25 presents the output spectrum for a single tone. 

The voltage gain is given in Equation 9.43. The gain G |d B] is written in 
Equation 9.44: 


Vs= 


Vfund 


= l*i|(l-^a 2 ) 


where K = 


*3 

Ki 


(9.43) 
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FIGURE 9.25 Output spectrum for a single tone. 
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G[dB] = 101og(g) 


(9.44) 


The SSG is written in Equation 9.45. The gain G[ dB ] is written in Equation 9.46: 


SSG [dB] =201og|^| 
G[dB] = SSG -Comp 

Comp = 20 log ^1 - -K a 2 


(9.45) 

(9.46) 


where p in[w] = y 

The gain G |( ib] may be written as in Equation 9.47: 


C[dB] - SSG[dB] _ Comp| dB | 
Comp [dB] = 20 log ^1 - p m[w] 


(9.47) 


9.5.2 Third-Order Model for Two Tones 

For two tones the input signal is written as V\ n =A+B. For two tones the output signal 
is given by Equation 9.48: 


Vo - F out _ a + Fout-b + Fim 2 + Vm 3 
V out ^=K l A + K 2 A 2 + K 3 A 3 

Vout-b =K\ B + Ki B 1 + K 3 B 3 (9 .48 ) 

Ftm 2 = 2K 2 A B 
Cm, = 3K 3 A 2 B + 3 K 3 A B 2 


where IM 2 — second-order intermodulation and IM 3 — third-order intermodulation. 

If the magnitude level of the two input tones is equal, the ratio between the voltage 
level of the second-order intermodulation and the voltage of the second harmonic is 2. 
The power level of the second-order intermodulation is greater by 6dB from the power 
level of the second harmonic. If the magnitude level of the two input tones is equal, the 
ratio between the voltage level of the third-order intermodulation and the voltage of 
the third harmonic is 3. The power level of the third-order intermodulation is greater 
by 9.54dB from the power level of the third harmonic as given in Equation 9.49: 

IM 2 [ d B m ] = ^2 [dBm] + 6dB 

IM 3 [ dBm ] =/i3[dBm] +9.54dB 


(9.49) 
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Third order 



FIGURE 9.26 Two tones output spectrum. 


IP 2 



For the input signals given in Equation 9.50, the output frequency spectrum is 
shown in Figure 9.26: 


V m =A+B 

A=E cos(ftiit) (9.50) 

B-E cos(tw 2 t) 

For a decrease of A (dB | in the signals A and B, the level of the second inter- 
modulation signal will decrease by 2A |dB1 as given in Equation 9.5 1 . The intermodu- 
lation signal IM 2 is written in Equation 9.52. Figure of the second-order 
intermodulation calculation is shown in Figure 9.27: 
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^ 2 [dBm] _ Pout[dBm] - A[ dB ] 

IP2[dBm] _ IM 2 [dBm] = 2A[ dB ] 

IMo[dBm] — —PoutjdBm] — IP 2 [dBm] 

9.5.3 Third-Order Intercept Point 

For a decrease of A| dB| in the signals A and B, the level of the third intermodulation 
signals will decrease by 3 A |dB ] as given in Equation 9.53. The intermodulation signal 
IM 3 is written in Equation 9.54. Figure of the third-order intermodulation calculation 
is shown in Figure 9.28: 


(9.51) 

(9.52) 


IP3[dBmj PoutfdBm] — Ar dB l 

(9.53) 

IP3[dBm] = 3A[ dB ] 

IM 3 [dBm] = 3 P out[dBm] — 2IP 3 [ dBm ] (9-54) 

9.5.4 IP 2 and IP 3 Measurements 

The setup for IP 2 and IP 3 measurements is shown in Figure 9.29. Second-order inter- 
modulation results are shown in Figure IP 2 and may be computed by Equation 9.55: 

IP2[dBm] — PoutfdBm] "h A [ dB ] (9.55) 

Second-order intermodulation results are shown in Figure 9.30. 

Third-order intermodulation results are shown in Figure 9.31. 1P 3 may be com- 
puted by Equation 9.56: 

IP3[dBm] =Pout[dBm] + (9.56) 


IP 2 



FIGURE 9.28 Third-order intermodulation. 
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FIGURE 9.29 Setup for IP 2 and IP 3 measurements. 
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9.6 WIDEBAND PHASED ARRAY DIRECTION FINDING SYSTEM 
9.6.1 Introduction 

The wideband direction finding system consists of an active phased array and a 
wideband receiving direction finding system. A block diagram of the system is 
shown in Figure 9.32. The system consists of 11 receiving and transmitting mod- 
ules for vertical scanning. The received signals in the six receiving antennas are 
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FIGURE 9.32 Wideband phased array direction finding system block diagram. 


amplified by LNA and down converted to 70 MHz IF frequency. Input port num- 
ber six provides the local oscillator (LO) signal to the module. The LO signal is 
amplified by LNA and is routed to the single side band (SSB) unit. A 70 MHz 
voltage-controlled oscillator supplies a RF signal to the SSB unit. The LO signal 
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is amplified to lOdBm. A wideband six-way power divider supplies the LO sig- 
nals to the mixers. The antennas are wideband notch antennas, 6-18 GHz, with 
VSWR better than 3:1. 


9.6.2 Wideband Receiving Direction Finding System 

The system consists of 1 1 receiving identical modules for vertical scanning. The 
receiving channel module consists of LNA and downconverter mixers to 70 MHz 
IF frequency. The received signals in the six receiving ports are amplified by LNA 
and down converted to 70 MHz IF frequency. Input port number six provides the 
LO signal to the module. The LO signal is amplified by LNA and is routed to the 
SSB unit. A 70 MHz voltage-controlled oscillator supplies a RF signal to the SSB 
unit. The LO signal is amplified to lOdBm. A wideband six-way power divider sup- 
plies the LO signals to the mixers. The module dimensions are 279 x 130 x 15.5 mm. 
The module hot spots are cooled by a cold water cooling system that is located in the 
module backside. 


9.6.2. 1 Module Specifications The wideband receiving direction finding system 
specifications are listed in Table 9.1. 


TABLE 9.1 Wideband Receiving Direction Finding 
System Specifications 


Parameter 

Specifications 

RF frequency 

6-18 GHz 

IF frequency 

70 MHz 

Gain 

4dB 

Gain flatness 

±2dB 

Phase flatness 

±6° 

Noise figure 

7.5dB 

Output power 

OdBm 

Max. input RF power 

-7dBm 

Max. input LO power 

-7dBm 

60 MHz input RF power 

lOdBm 

IF ports 

5 

VSWR 

3: 1 

Impedance 

50 0 

Dimensions 

279 x 130 x 15.5mm 

Temperature 

71°C -js -54°C 

Weight 

700 g 

DC power 

20 W 
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9.6.3 Receiving Channel Design 

The wideband receiving direction finding system block diagram is shown in 
Figure 9.33. 

The RF components are located on the upper side of the module. 



FIGURE 9.33 Wideband receiving direction finding system block diagram. 
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System 1 


LNA 



Gain (dB) 13.00 

NF(dB) 1.50 

OPldB(dBm) 15.00 

Input pwr (dBm) -60.00 


Cable loss Mixer 


-0.50 

-7.00 

0.50 

7.00 

20.00 

17.00 

System temp (K) 


Cable loss 





Total 

-0.80 

4.70 

0.80 

2.31 

20.00 

6.70 


290.00 



FIGURE 9.34 Wideband receiving direction finding system analysis design. 


The received signals in the six receiving ports are amplified by LNA and down 
converted to 70 MHz IF frequency. The LNA amplifiers are packed MMICS with 
ldB noise figure. The mixers are compact double balance mixers with 7dB insertion 
loss. Input port number six provides the LO signal to the module. The LO signal is 
amplified by LNA and is routed to the SSB unit. A 70 MHz voltage-controlled oscil- 
lator supplies a RF signal to the SSB unit. The LO signal is amplified to lOdBm. 
A wideband six-way power divider supplies the LO signals to the mixers. The IF 
and DC components are located on the back side of the module. Figure 9.34 presents 
the receiving direction finding system analysis results. The analysis results prove that 
the module specifications may be satisfied. 

9.6.3. 1 Cooling System The cooling system is located on the amplifiers back side. 
The cooling systems consist of a heat sink pipe lines. The cooling liquid flows via the 
heat sink pipe lines and return to the system through a cooling return connector. 

9.6. 3. 2 DC Unit A 24-pin DC connector supplies the DC voltages to the receiving 
system. The connector consists of 17 DC pins and 7 RF connectors. A list of the DC 
connector pins and DC power consumption is given in Table 9.2. 


9.6.4 Measured Results of the Receiving Channel 

Measured results versus requirements of the receiving module are listed in Table 9.3. 

A photo of the wideband receiving direction finding system is shown in 
Figure 9.35. 

Photo of the wideband receiving module with the module cover is shown in 
Figure 9.36. Absorbing material is glued on the cover to improve isolation between 
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TABLE 9.2 DC Connector 


Pin 

Function 

Voltage (V) 

Current (A) 

1 

VCO 

15 

0.9 

2 

LNA 

6 

0.1 

3 

LNA 

6 

0.1 

4 

LNA 

6 

0.1 

5 

IF amp. 

15 

0.1 

6 

Limiter 

-15 V 


7 


N.C 


8 


N.C 


9 


N.C 


10 


N.C 


11 

Limiter 

15 


12 


N.C 


13 


GND 


14 


N.C 


15 


N.C 


16 


N.C 


17 


N.C 



TABLE 9.3 Measured Results versus Requirements of the Receiving Module 


Parameter 

Specifications 

Measured Results 

RF frequency 

6-18 GHz 

6-18 GHz 

IF frequency 

70 MHz 

70 MHz 

Gain 

4dB 

4dB 

Gain flatness 

±2dB 

±2dB 

Phase flatness 

±6° 

±6° 

Noise figure 

7.5dB 

7.5dB 

Output power 

OdBm 

OdBm 

Max. input RF power 

-7dBm 

-7dBm 

Max. input LO power 

-7dBm 

-7dBm 

60 MFlz input RF power 

lOdBm 

lOdBm 

ldBc compression point 

-lOdBm 

-9dBm 

IP3 

4dBm 

4dBm 

Spurious level 

-40dB 

-45 dB 

VSWR 

3: 1 

3:1 

Impedance 

50 Q. 

50 0 

Dimensions 

279x 130x 15.5 mm 

279x 130x 15.5mm 

Temperature 

71°C4- -54°C 

71°C 4- -54°C 

Weight 

700 g 

700 g 

DC power 

20 W 

20 W 
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FIGURE 9.35 Photo of the wideband receiving direction finding system. 


the module components. Photo of the wideband receiving direction finding system 
interface and connectors is shown in Figure 9.37. 

The RF module dimension is 279 x 130x 15.5mm. The compact dimensions were 
achieved by using compact-packed LNA and mixers. Fiowever, a much more compact 
module may be designed by combining the LNAs, mixers, and the power divider on 
the same MMIC module. The electrical performance may degrade but a MMIC 
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FIGURE 9.36 Photo of the wideband receiving module with the module cover ports. 


module can be designed to meet the electrical specifications. The cost of the MMIC 
module in mass production will be cheaper than the presented module in Figure 9.35. 


9.7 CONCLUSIONS 

MIC and MMIC components and modules design was presented in this chapter. 

In design of RF modules, we may gain the advantages of each technology by using 
both technologies in the development of RF transmitting and receiving modules. For 
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FIGURE 9.37 Photo of the wideband receiving direction finding system interface. 


example, it is better to design filters by using MIC technology. However, compact and 
low-cost modules in mass production is achieved by using MMIC design. Design con- 
siderations of passive and active devices were presented in this chapter. 

The cost of MMIC modules in mass production will be much cheaper than MIC 
modules. However, there are technology limitations in designing LNAs and high- 
power amplifiers. 
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MICROELECTROMECHANICAL 
SYSTEMS (MEMS) TECHNOLOGY 


10.1 INTRODUCTION 

Communication and radar industry in microwave and mm-wave frequencies is cur- 
rently in continuous growth. Radio-frequency (RF) modules such as front end, filters, 
power amplifiers, antennas, passive components, and limiters are important modules 
in radar and communication links (see Refs. [1-6]). The electrical performance of the 
modules determines if the system will meet the required specifications. Moreover, in 
several cases the modules’ performance limits the system performance. Minimization 
of the losses, size, and weight of the RF modules is achieved by employing microe- 
lectromechanical systems (MEMS) technology. Flowever, integration of MEMS com- 
ponents and modules raise several technical challenges. Design parameters that may 
be neglected at low frequencies cannot be ignored in the design of wideband inte- 
grated RF modules. Powerful RF design software, such as ADS and HFSS, are 
required to achieve accurate design of RF modules in mm-wave frequencies. Accurate 
design of mm-wave RF modules is crucial. It is an impossible mission to tune 
mm-wave RF modules in the fabrication process. 

10.2 MEMS TECHNOLOGY 

MEMS is the integration of mechanical elements, sensors, actuators, and electronics 
on a common silicon substrate through microfabrication technology. These devices 
replace bulky actuators and sensors with micron-scale equivalent that can be produced 
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in large quantities by fabrication process used in integrated circuits (IC) in photoli- 
thography. They reduce cost, bulk, weight, and power consumption while increasing 
performance, production volume, and functionality by orders of magnitude. 

The electronics are fabricated using IC process sequences (e.g., CMOS, bipolar, or 
BiCMOS processes), and the micromechanical components are fabricated using com- 
patible “micromachining” processes that selectively etch away parts of the silicon 
wafer or add new structural layers to form the mechanical and electromechanical 
devices. 


10.2.1 MEMS Technology Advantages 

• Low insertion loss less than 0.1 dB 

• High isolation greater than 50dB 

• Low distortion 

• High linearity 

• Very high Q 

• Size reduction, system-on-a-chip 

• High power handling approximately 40dBm 

• Low power consumption (-milliwatt and no LNA) 

• Low-cost high-volume fabrication 


10.2.2 MEMS Technology Process 

Bulk micromachining fabricates mechanical structures in the substrate by using 
orientation-dependent etching. Bulk-micromachined substrate is presented in 
Figure 10.1. 

Surface micromachining fabricates mechanical stmctures above the substrate 
surface by using sacrificial layer. 

Surface-micromachined substrate is presented in Figure 10.2. 


Cantilever 



FIGURE 10.1 Bulk micromachining. 
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In bulk micromachining process silicon is machined using various etching pro- 
cesses. Surface micromachining uses layers deposited on the surface of a substrate 
as the structural materials rather than using the substrate itself. Surface micromachin- 
ing technique is relatively independent of the substrate used and therefore can be eas- 
ily mixed with other fabrication techniques that modify the substrate first. An example 
is the fabrication of MEMS on a substrate with embedded control circuitry, in which 
MEMS technology is integrated with IC technology. This is being used to produce a 
wide variety of MEMS devices for many different applications. On the other hand, 
bulk micromachining is a subtractive fabrication technique, which converts the sub- 
strate, typically a single-crystal silicon, into the mechanical parts of the MEMS 
device. MEMS device is first designed with a computer-aided design (CAD) tool. 
The design outcome is a layout and masks that are used to fabricate the MEMS device. 
In Figure 10.3 MEMS fabrication process is presented. A summary of MEMS fabri- 
cation technology is presented in Table 10.1. In Figure 10.4 the block diagram of a 
MEMS bolometer-coupled antenna array is presented. 


10.2.2.1 X-Ray Resist Packaging of the device tends to be more difficult, but 
structures with increased heights are easier to fabricate when compared to surface 
micromachining. 

This is because the substrates can be thicker, resulting in relatively thick unsup- 
ported devices. Applications of RF MEMS technology are as follows: 

• Tunable RF MEMS inductor 

• Low-loss switching matrix 

• Tunable filters 

• Bolometer-coupled antenna array 

• Low-cost W-band detection array 
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Fabrication process 

Silicon I I 

Silicon oxide 

Photoresist 

X-ray resist 

Metal 


Silicon 


7 


Photoresist 
sacrifitial layer 


Mask, iradiate, 
photoresist 



Mask, iradiate, 
develop X-ray resist 


Etceh 

sacrifitial layer 



Mm 


Remote X-ray resist, 
sacrifitial layer 




FIGURE 10.3 Fabrication process. 


TABLE 10.1 Fabrication Technology 


Fabrication Technology 

Process 

Surface micromachining 

Bulk micromachining 

Release and drying systems to realize free-standing 
microstructures 

Dry etching systems to produce deep 2D free-form geometries 
with vertical sidewalls in substrates. Anisotropic wet etching 
systems with protection for wafer front sides during etching. 
Bonding and aligning systems to join wafers and perform 
photolithography on the stacked substrates 


10.2.3 MEMS Components 

MEMS components are categorized in one of several applications: 

1 . Sensors are a class of MEMS that are designed to sense changes and interact 
with their environments. These classes of MEMS include chemical, motion, 
inertia, thermal, RF sensors, and optical sensors. Microsensors are useful 
because of their small physical size, which allows them to be less invasive. 
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2. Actuators are a group of devices designed to provide power or stimulus to other 
components or MEMS devices. MEMS actuators are either electrostatically or 
thermally driven. 

3. RF MEMS are a class of devices used to switch or transmit high-frequency RE 
signals. Typical devices include metal contact switches, shunt switches, tunable 
capacitors, antennas, and so on. 

4. Optical MEMS are devices designed to direct, reflect, filter, and/or amplify 
light. These components include optical switches and reflectors. 

5. Microfluidic MEMS are devices designed to interact with fluid-based environ- 
ments. Devices such as pumps and valves have been designed to move, eject, 
and mix small volumes of fluid. 

6. Bio-MEMS are devices that, much like microfluidic MEMS, are designed to 
interact specifically with biological samples. Devices such as these are designed 
to interact with proteins, biological cells, medical reagents, and so on and can be 
used for drug delivery or other in situ medical analysis. 


10.3 W-BAND MEMS DETECTION ARRAY 

In this section we present the development of millimeter-wave radiation detection 
array. The detection array may employ around 256-1024 patch antennas. These 
patches are coupled to a resistor. Optimization of the antenna structure, feed network 
dimensions, and resistor structure allow us to maximize the power rate dissipated on 
the resistor. Design considerations of the detection antenna array are given in this 
section. Several imaging approaches are presented [7-12]. The common approach 
is based on an array of radiators (antennas) that receives radiation from a specific 
direction by using a combination of electronic and mechanical scanning. Another 
approach is based on a steering array of radiation sensors at the focal plane of a lens 
of reflector. The sensor can be an antenna coupled to a resistor. 
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10.3.1 Detection Array Concept 

Losses in the microstrip feed network are very high in the W-band frequency range. In 
W-band frequencies we may design a detection array. The array concept is based on an 
antenna coupled to a resistor. A direct antenna-coupling surface to a micromachined 
microbridge resistor is used for heating and sensing. The feed network determines the 
antenna efficiency. The insertion loss of a gold microstrip line with width of 1 and 
188 pm length is 4.4dB at 95 GHz. The insertion loss of a gold microstrip line with 
width of 10 and 188 pm length is 3.6dB at 95 GHz. The insertion loss of a gold micro- 
strip line with width of 20 and 188 pm length is 3.2dB at 95 GHz. To minimize losses 
the feed line dimension was selected as 60 x 10 x 1 pm. Analog CMOS readout circuit 
may be employed as a sensing channel per pixel. Figure 10.5 presents a pixel block 
diagram. 


10.3.2 The Array Principle of Operation 

The antenna receives effective mm-wave radiation. The radiation power is transmitted 
to a thermally isolated resistor coupled to a Ti resistor. The electrical power raises the 
structure temperature with a short response time. The same resistor changes its tem- 
perature and therefore its electrical resistance. Figure 10.6 shows a single-array pixel. 
The pixel consist a patch antenna, a matching network, printed resistor, and DC pads. 


MMW 



FIGURE 10.5 Antenna coupled to a resistor. 



FIGURE 10.6 A single-array pixel. 
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FIGURE 10.7 Array concept. 


The printed resistor consist titanium lines and a titanium resistor coupled to an isolated 
resistor. 

The operating frequency range of 92-100 GHz is the best choice. In the frequency 
range of 30-150 GHz there is a proven contrast between land, sky, and high transmit- 
tance of clothes. Size and resolution considerations promote higher frequencies above 
100 GHz. Typical penetration of clothing at 100 GHz is ldB and 5-10dB at 1 THz. 
Characterization and measurement considerations promote lower frequencies. The 
frequency range of 100 GHz allows sufficient bandwidth when working with illumi- 
nation. The frequency range of 100 GHz is the best compromise. Figure 10.7 presents 
the array concept. Several types of printed antennas may be employed as the array 
element such as bow-tie dipole, patch antenna, and ring resonant slot. 


10.3.3 W-Band Antenna Design 

The bow-tie dipole and a patch antenna have been considered as the array element. 
Computed results shows that the directivity of the bow-tie dipole is around 5.3dBi 
and the directivity of a patch antenna is around 4.8dBi. However the length of the 
bow-tie dipole is around 1.5 mm and the size of the patch antenna is around 700 x 
700 pm. We used a quartz substrate with thickness of 250 pm. The bandwidth of 
the bow-tie dipole is wider than that of a patch antenna. However, the patch antenna 
bandwidth meets the detection array electrical specifications. We chose the patch 
antenna as the array element since the patch size is significantly smaller than that 
of the bow-tie dipole. This feature allows us to design an array with a higher number 
of radiating elements. The resolution of detection array with a higher number of radiat- 
ing elements is improved. We also realized that the matching network between the 
antenna and the resistor has smaller size for a patch antenna than that for a bow-tie 
dipole. The matching network between the antenna and the resistor consists of micro- 
strip open stubs. Figure 10.8 shows the 3D radiation pattern of the bow-tie dipole. 
Figure 10.9 presents the Sn parameter of the patch antenna. The electrical perfor- 
mance of the bow-tie dipole and the patch antenna was compared. The VSWR of 
the patch antenna is better than 2 : 1 for 10% bandwidth. Figure 10.10 presents the 
3D radiation pattern of the patch antenna at 95 GHz. 
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FIGURE 10.8 Dipole 3D radiation pattern. 
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FIGURE 10.10 Patch 3D radiation pattern. 


TABLE 10.2 Material Properties 


Property 

Units 

siNi 

Ti 

Conductivity (K) 

W/m/K 

1.6 

7 

Capacity (C) 

J/Kg/K 

770 

520 

Density (p) 

Gr/cm 3 

2.85 

4.5 

Resistance 

12/ ( = square) 

>le8 

90 

Thickness 

Jim 

0.1 

0.1 


10.3.4 Resistor Design 

As described by Milkov [7], the resistor is thermally isolated from the patch antenna 
by using a sacrificial layer. Optimizations of the resistor structure maximize the power 
rate dissipated on the resistor. Ansoft HFSS software is employed to optimize the 
height of the sacrificial layer and the transmission line width and length. Dissipated 
power on a titanium resistor is higher than the dissipated power on a platinum resistor. 
The rate of the dissipated power on the titanium resistor is around 25%. The rate of the 
dissipated power on the platinum resistor is around 4%. Material properties are given 
in Table 10.2. 

The sacrificial layer thickness may be 2-3 pm. Figure 10.11 shows the resistor 
configuration. 

Figure 10.12 presents the MEMS bolometer layout. 

The patch coupled to a bolometer is shown in Figure 10.13. 
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FIGURE 10.11 Resistor configuration. 



FIGURE 10.12 MEMS bolometer layout. 
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FIGURE 10.13 Patch antenna coupled to bolometer. 


TABLE 10.3 Mask Process 


Masks 

Layer 

Process 

Layer Thickness (pm) 

1 

L 1 lift or etch 

Gold reflector Au 

1 

2 

L 2 etch 

Streets open S.L. 

3 

3 

L 3 etch 

S.L. contacts 


4 

L 4 etch 

SiN + contacts 

0.1 

5 

L 5 etch 

Ti_l 

0.1 



SiN 

0.15 

6 

L 6 etch 

VOx 

0.1 

7 

L 7 etch 

Contacts for Ti_2 




Ti_2 

0.1 


L 3 lift 

Metal cap 

0. 1-0.5 

8 

L 8 etch 

Ti_2 




SiN 

0.1 

9 

L 9 etch 

Membrane definition 



10.4 ARRAY FABRICATION AND MEASUREMENT 

Nine masks are used to fabricate the detection array. Mask process and layer thickness 
are listed in Table 10.3. Layer thickness has been determined as the best compromise 
between technology limits and design consideration. 

Dimensions of detection array elements have been measured in several array pixels 
as part of visual test of the array after fabrication of the array, and some of the meas- 
ured results are listed in Table 10.4. From results listed in Table 10.4 we may conclude 
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TABLE 10.4 Comparison of Design and Fabricated Array Dimensions 


Element 

Design (pm) 

Pixel 1 (pm) 

Pixel 2 (pm) 

Patch width 

600 

599.5 

600.5 

Patch length 

600 

600.3 

600.5 

Hole width 

100 

99.8 

100 

Hole length 

100 

100 

99.8 

Feed line 

10 

10 

10 

Feed line 

10 

9.8 

10 

Stub width 

2 

2 

1.8 

Tapered line 

15 

15.2 

14.8 

Stub width 

2 

1.8 

2 

Tapered line 

25 

25.3 

25.2 



FIGURE 10.14 Measurements of bolometer voltage. 


that the fabrication process is very accurate. There is a good agreement between 
computed and measured results of the array pixel electrical and mechanical 
parameters. 

Figure 10.14 presents how we measure the bolometer output voltage. V rcf is the 
bolometer output voltage when no radiated power is received by the detection array. 
The voltage difference between bolometer voltage and V ref is amplified by a low-noise 
differential amplifier. The rate of the dissipated power on the titanium resistor is 
around 25-30%. 

Figure 10.15 presents the operational concept of the detection array. 
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FIGURE 10.16 Computation of mutual coupling between pixels. 


10.5 MUTUAL COUPLING EFFECTS BETWEEN PIXELS 

HFSS software has been used to compute mutual coupling effects between pixels in 
the detection array as shown in Figure 10.16. Computation results indicate that the 
power dissipated on the centered pixels in the array is higher by 1-2% than the pixels 
located at the corners of the array. 
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FIGURE 10.17 MEMS bow-tie dipole with bolometer. 


10.6 MEMS BOW-TIE DIPOLE WITH BOLOMETER 


A bow-tie dipole with bolometer printed on quartz substrate is shown in Figure 10.17. 
The length of the bow-tie dipole is around 1.5 mm. The bolometer length is 0.6 mm. 
The bolometer line width is 5 pm. Figure 10.18 presents the S | , parameter of the bow- 
tie dipole. Figure 10.19 shows the 3D radiation pattern of the bow-tie dipole. 
Computed results shows that the directivity of the bow-tie dipole is around 5.3dBi. 


10.7 220 GHz MICROSTRIP PATCH ANTENNA 

Quartz substrate with a thickness of 50-100 pm has been used to fabricate microstrip 
antennas at frequencies higher than 200 GHz. The size of the patch antenna is around 
300 x300 pm. Figure 10.20 presents the .S'| | parameter of the patch antenna. 
Figure 10.21 shows the 3D radiation pattern of the patch antenna. 


10.8 CONCLUSIONS 

Losses in the microstrip feed network form a significant limit on the possible applica- 
tions of microstrip antenna arrays in mm-wave frequencies. Array of patch antenna 
coupled to a bolometer decreases the effect of losses in the array feed network. 
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FIGURE 10.18 MEMS bow-tie dipole Sn computed results. 
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FIGURE 10.19 Bow-tie dipole 3D radiation pattern. 


19 Jan 2006 12:00:38 


Ansoft corporation XY plot 1 HFSSDesignl 



Frequency (GHz) 

FIGURE 10.20 220 GHz patch S) { computed results. 
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FIGURE 10.21 220 GHz patch 3D radiation pattern. 



REFERENCES 


297 


The array may be constructed from 256 to 1024 elements at 94 or at 220 GHz. Design 
considerations of the antenna and the feed network are given in this chapter. Optimi- 
zation of the antenna structure and feed network allows us to design and fabricate 
microstrip antenna arrays with high efficiency. Millimeter-wave detection arrays 
may be applied to detect explosive materials and weapons underneath terrorist clothes. 
MEMS technology has been applied to produce low-cost millimeter-wave detection 
arrays. Dimension of the detection array elements has been measured in several array 
pixels as part of visual test of the array after fabrication of the array. The fabrication 
process was very accurate. There is a good agreement between computed and meas- 
ured results of the array pixel electrical and mechanical parameters. 
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LOW-TEMPERATURE COFIRED 
CERAMIC (LTCC) TECHNOLOGY 


11.1 INTRODUCTION 

Communication and radar industry in microwave and mm-wave frequencies is cur- 
rently in continuous growth. Radio-frequency (RF) modules such as front end, filters, 
power amplifiers, antennas, passive components, and limiters are important modules 
in radar and communication links (see Refs. [1-7]). The electrical performance of the 
modules determines if the system will meet the required specifications. Moreover, in 
several cases the modules’ performance limits the system performance. Minimization 
of the losses, size, and weight of the RF modules is achieved by employing low- 
temperature cofired ceramic (LTCC) technology (see Refs. [3, 4]). However, integra- 
tion of LTCC components and modules raise several technical challenges. Design 
parameters that may be neglected at low frequencies and in microwave integrated cir- 
cuit (MIC) components cannot be ignored in the design of compact integrated LTCC 
RF modules. Powerful RF design software, such as ADS, HFSS, and CST, are 
required to achieve accurate design of RF modules in mm-wave frequencies. Accurate 
design of mm-wave RF modules is crucial. It is an impossible mission to tune inte- 
grated mm-wave RF modules in the fabrication process. 


Wideband RF Technologies and Antennas in Microwave Frequencies , First Edition. Dr. Albert Sabban. 
©2016 John Wiley & Sons, Inc. Published 2016 by John Wiley & Sons, Inc. 
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11.2 LTCC AND HTCC TECHNOLOGY FEATURES 

Cofired ceramic devices are monolithic, ceramic microelectronic devices where the 
entire ceramic support structure and any conductive, resistive, and dielectric materials 
are fired in a kiln at the same time. Typical devices include capacitors, inductors, resistors, 
transformers, and hybrid circuits. The technology is also used for a multilayer pack- 
aging for the electronics industry, such as military electronics. Cofired ceramic devices 
are made by processing a number of layers independently and assembling them into a 
device as a final step. Cofiring can be divided into low-temperature (LTCC) and high- 
temperature (high-temperature cofired ceramic (HTCC)) applications: low temperature 
means that the sintering temperature is below 1000°C (1830°F), while high tempera- 
ture is around 1600°C (2910°F). There are two types of raw ceramics to manufacture 
multilayer ceramic (MLC) substrate: 

• Ceramics fired at high temperature ( T> 1500°C): HTCC 

• Ceramics fired at low temperature ( T < 1000°C): LTCC 

The base material of HTCC is usually ALO 3 . HTCC substrates are raw ceramic 
sheets. Because of the high firing temperature of ALO 3 , the material of the embedded 
layers can only be high-melting-temperature metals: wolfram, molybdenum, or man- 
ganese. The substrate is unsuitable to bury passive elements, although it is possible to 
produce thick-film networks and circuits on the surface of HTCC. 

The breakthrough for LTCC fabrication was when the firing temperature of 
ceramic-glass substrate was reduced to 850°C. The equipment for conventional 
thick-film process could be used to fabricate LTCC devices. LTCC technology 
evolved from HTCC technology combined the advantageous features of thick-film 
technology. Because of the low firing temperature (850°C), the same materials are 
used for producing buried and surface wiring and resistive layers as thick-film 
hybrid IC (i.e., Au, Ag, Cu wiring RuCL-based resistive layers). It can be fired in 



FIGURE 11.1 LTCC module. 
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TABLE 11.1 Dielectric Properties at 9 GHz of LTCC Substrates 


Material 

£r 

Tan <5x 10“ 3 

99.5% AL 

9.98 

0.1 

LTCC1 

7.33 

3.0 

LTCC2 

6.27 

0.4 

LTCC3 

7.2 

0.6 

LTCC4 

7.44 

1.2 

LTCC5 

6.84 

1.3 

LTCC6 

8.89 

1.4 


an oxygen-rich environment unlike HTCC boards, where reduced atmosphere is used. 
During cofiring the glass melts, and the conductive and ceramic particles are sintered. 
On the surface of LTCC substrates, hybrid integrated circuits can be realized, shown 
in Figure 11.1. Passive elements can be buried into the substrate, and we can place 
semiconductor chips in a cavity. Dielectric properties at 9 GHz of LTCC substrates 
are listed in Table ILL 


11.3 LTCC AND HTCC TECHNOLOGY PROCESS 


• Low Temperature 

LTCC 875°C 

• High Temperature 

HTCC 1400-1 600° C 

• Cofired 

Cofiring of (di)electric pastes 


LTCC: precious metals (Au, Ag, Pd, Cu) 


HTCC: refractory metals (W, Mo, MoMn) 

• Ceramic 

Mix of alumina ALO 3 


Glasses Si 02 -B 2 03 -Ca 0 -Mg 0 


Organic binders 


HTTC: essentially ALO 3 


In Table 1 1.2 LTCC process steps are listed. LTCC raw material comes as sheets 
or rolls. Material manufacturers are DuPont, ESL, Ferro, and Heraeus. 

In Figure 11.2 LTCC process block diagram is presented. In Table 11.3 several 
electrical, thermal, and mechanical characteristics of several LTCC materials are 
listed. 

In Table 1 1.4 LTCC line losses at 2 GHz are listed for several LTCC materials. For 
LTTC1 material losses are 0.004dB/mm. 

11.4 DESIGN OF HIGH-PASS LTCC FILTERS 

The trend in the wireless industry toward miniaturization, cost reduction, and 
improved performance drives microwave designer to develop microwave components 
in LTCC technology. A significant reduction in the size and the cost of microwave 
components may be achieved by using LTCC technology. In LTCC technology 
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TABLE 11.2 LTCC Process List 

LTCC Process 

Tape casting 
Sheet cutting 
Laser punching 
Printing 

Cavity punching 
Stacking 

Bottom side printing 
Pressing 

Side hole formation 
Side hole printing 
Snap line formation 
Pallet firing 
Plating Ni/Au 


Substrate 

preprocessing 


I 



Blanking 

drying 




Via forming 
Via filling 




Conductor 


1 

fine line 

I 

1 


process 




Inspection 

Inspection 

Inspection 


Inspection 


Postprocessing 




Postfiring 
dicing 
SMT 

wire bonding 
inspection 


FIGURE 11.2 LTCC process. 
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TABLE 11.3 LTCC Material Characteristics 



LTCC 

ai 2 o 3 


AIN 

Material 

DP951 

96% 

BeO 

98% 

Electrical characteristics at 10 MHz 

Dielectric constant, c r 

7.8 

9.6 

6.5 

8.6 

Dissipation factor, tan 8 

Thermal characteristics 

0.00015 

0.0003 

0.0002 

0.0005 

Thermal expansion lCr s /°C 

5.8 

7.1 

7.5 

4.6 

Thermal conductivity W/mk 

3 

20.9 

251 

180 

25-300°C 

Mechanical characteristics 

Density 

3.1 

3.8 

2.8 

3.3 

Flexural strength (MPa) 

320 

274 

241 

340 

Young’s modulus (GPa) 

120 

314 

343 

340 

TABLE 11.4 LTCC Line Loss 

Material Dissipation Factor, Tan 5 x 10 3 

Line Loss dB/mm at 2 GHz 

LTTC1 

3.8 


0.004 


LTTC2 

2.0 


0.0035 


LTTC6-CT2000 

1.7 


0.0033 


Alumina 99.5% 

0.65 


0.003 


discrete surface-mounted components such as capacitors and inductors are replaced 
by integrated printed components. LTCC technology allows the designer to use mul- 
tilayer design if needed to reduce the size and cost of the circuit. However, multi- 
layer design results in more losses due to connections and due to parasitic coupling 
between different parts of the circuit. To improve the filter performance, all the 
filter parameters have been optimized. Package effects were taken into account in 

the design. 





11.4.1 High-Pass Filter Specification 




Frequency 


1.5-2. 5 GHz 


Insertion loss 1.1 Fo 


ldB 



Rejection 0.9 Fo 


3dB 



Rejection 0.75 Fo 


20dB 



Rejection 0.5 Fo 


40dB 



VSWR 


2: 1 



Case dimensions 


700 x 300 x 25.5 mil inch 


The filters are realized by using lumped elements. The filter inductor and capacitor 
parameters were optimized by using HP ADS software. The filter consists of five 
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FIGURE 11.3 Layout of high-pass filter no. 1. 


ml m2 



FIGURE 11.4 S 12 and S u results of high-pass filter no. 1. 


layers of 5. 1 mil substrate with £ r = 7.8. Package effects were taken into account in the 
design. Changes in the design were made to compensate and minimize package 
effects. In Figure 11.3 the filter layout is presented. S \ 1 and ,S' 1 2 momentum simulation 
results are shown in Figure 1 1 .4. In Figure 11.5 the filter 2 layout is presented. S 1 1 and 
,S 1 2 momentum simulation results are shown in Figure 11.6. Simulation results of 
tolerance check are shown in Figure 1 1.7. The parameters that were tested in the tol- 
erance check are inductor and capacitor line width and length and spacing between 
capacitor fingers. 
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FIGURE 11.5 Layout of high-pass filter no. 2. 


ml m2 



Frequency (GHz) HPF9NV2 Frequency (GHz) 


FIGURE 11.6 S 12 and S u results of high-pass filter no. 2. 


11.5 COMPARISON OF SINGLE-LAYER AND MULTILAYER 
MICROSTRIP CIRCUITS 

In a single-layer microstrip circuit all conductors are in a single layer. Coupling 
between conductors is achieved through edge or end proximity (across narrow gaps). 
Single-layer microstrip circuits are cheap in production. In Figure 11.8 single-layer 
microstrip edge coupled filter is shown. 

Figure 11.9 presents the layout of single-layer microstrip directional coupler. 
Figure 11.10 presents the structure of a multilayer microstrip coupler. 
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Tuning capacitor gap 1. 6-2.6 ml 

m2 ml 



FIGURE 11.7 Tolerance simulation for spacing between capacitor fingers. 



FIGURE 11.8 Edge-coupled filter. 



FIGURE 11.9 Single-layer microstrip directional coupler. 


In multilayer microwave circuits conductors are separated by dielectric layers 
and stacked on different layers. This structure allows for (strong) broadside coupling. 
Registration between layers is not difficult to achieve as narrow gaps between strips in 
single-layer circuits. Multilayer structure technique is well suited to thick-film print 
technology and also suitable for LTCC technology. Thick-film print technology 
provides low-cost multilayer microwave circuits with good feasibility for mass 
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FIGURE 11.10 Multilayer microstrip coupler. 



FIGURE 11.11 Single-layer planar side-coupled directional coupler. 



/ 


FIGURE 11.12 Multilayer printed directional coupler. 


production. However, fabrication of narrow printed lines and gaps has limited quality. 
Thick-film technology provides an important fabrication process for multilayer 
microwave and mm-wave circuits. Figure 11.11 presents the layout of single-layer 
microstrip side-coupled directional coupler. Figure 11.12 presents the structure of a 
multilayer microstrip directional coupler. 

Figure 11.13 presents the layout of single-layer microstrip DC block. Figure 11.14 
presents the structure of a multilayer DC block. 
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FIGURE 11.13 Single-layer microstrip DC block. 


1 

a/4 





FIGURE 11.14 Multilayer microstrip DC block. 


DC inductor 



Figure 11.15 presents a multilayer LTCC transmitting channel. 

The transmitting channel consist of power amplifier, filters, coupler, and matching 
network. 


11.6 LTCC MULTILAYER TECHNOLOGY DESIGN 
CONSIDERATIONS 

MIC consist of discrete component, interconnection board, and a package. MIC struc- 
ture complicates the assembly of the circuit and increases losses, weight, and volume. 
Multilayer LTCC technology reduces the circuit losses, weight, and volume. HTCC 
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TABLE 11.5 Physical Characteristics of Conductors 


Conductor 

Resistivity (pQ/cm) 

Melting Point (°C) 

Tungsten 

5.5 

3370 

Gold 

2.44 

1063 

Copper 

1.72 

1083 

Silver 

1.63 

961 


technology may be used to fabricate hermetic packages. However, the high temper- 
ature of the HTCC process limits the use of metals with low resistivity and low melt- 
ing point. Tungsten with high resistivity (5.5 p£2/cm) increases the losses of printed 
transmission lines. Physical characteristics of conductors are listed in Table 11.5. 

Gold and silver have low resistivity and a melting point lower than 1400°C as 
required in the HTCC process. Gold and silver cannot be used in HTCC fabrication 
process. However, they can be used in LTCC process. In LTCC fabrication process 
each layer is processed separately. This is a significant advantage over other 
multilayer technologies. In LTCC fabrication process each layer can be as small as 
3 mil inch in diameter. This feature provides high interconnect density, good RF 
ground, and shielding. LTCC may provide around 40 layers with a single firing 
process. In the LTCC process we may construct various geometries by layer cutouts. 
This features allow us to form high-frequency structures and transitions between dif- 
ferent transmission lines. In the LTCC process microstrip line, stripline, and coplanar 
transmission lines may be integrated in the same multilayer structure. The three- 
dimensional LTCC process provides impedance control and shielding of RF signals 
and DC control signals via a low-loss medium within the same multilayer structure 
with high isolation between signals. 


11.6.1 Buried Components 

11.6.1.1 Resistors Resistors are characterized by the conductor resistivity, p, 
thickness, t, and the resistor dimensions as given in Equation 11.1 (resistor length, /, 
and width, W ): 


R = p 


l 

~tW 


(11.1) 


11.6.1.2 Capacitors Capacitors are characterized by the dielectric constant, e, the 
capacitor area, A. and the distance, d, between the conductors. The capacitance value 
may be calculated by using Equation 11.2: 

c= 4 (1L2) 

Resistor and capacitor expected tolerances are listed in Table 11.6. 
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TABLE 11.6 Resistor and Capacitor Expected Tolerances 


Component Tolerance (±%) 

Resistor Tolerance (±%) 

Capacitor Tolerance (±%) 

Resistivity p 

10 


Thickness, t 

10 


Length, / 

2 


Width, IV 

2 


Dielectric constant, e 

2 

2 

Capacitor area. A 

1 

1 

Distance, d 

3 

3 

Total tolerance (±%) 

27 

7 


TABLE 11.7 Toroidal Inductor Expected Tolerances 


Component Tolerance (±%) 

Inductor Tolerance (±%) 

Permeability, p 

2 

Thickness, h 

3 

2n\n{ b / a ) 

1 

Total tolerance (±%) 

5 


11.6.1.3 Toroidal Inductors Inductors are characterized by the permeability, ft, 
number of turns N, conductor thickness, h, and conductor inner diameter, a, and outer 
diameter, b: 


L = phN 2 / 2 ji\n j 

Toroidal inductor expected tolerances are listed in Table 11.7. 


(11.3) 


11.7 CAPACITOR AND INDUCTOR QUALITY ( Q ) FACTOR 

The Q factor is defined as the total energy stored in the circuit compared to the total 
energy dissipated in the circuit in one cycle: 

Q = (11.4) 

^dis 


The maximum power stored in the RLC circuit, shown in Figure 1 1 . 16, is given in 
Equation 11.5: 
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L R 



FIGURE 11.16 RLC resonant circuit. 


= (11-5) 


where / = 7 max cos cot. 

The dissipated power stored in the RLC circuit is given in Equation 1 1.6: 

£max=U^P (11.6) 

where r = 1 //' is the time period and r = 2 ji/co. 

The quality factor, Q , is given in Equation 1 1.7: 

Q=~ f ( 11 - 7 ) 


At the circuit resonant circuit the quality factor, Q 0 , is given in Equation 1 1.8: 


Qo = 


w 0 L 

where a> o = 


1 

Vlc 


(11.8) 


The quality factor, Q 0 , as function of circuit bandwidth is given in Equation 1 1.9: 


Qo = 


w 0 

Y 


where H = a>2-a)\ 


(11.9) 


The quality factor, Qo, of 10 pf embedded capacitor in HTCC circuit, with tan <5 
of 0.002, with tungsten conductors is around 340. The quality factor, Q 0 , of 10 pf 
embedded capacitor in LTCC circuit, with tan 8 of 0.002, with silver conductors is 
around 400. The quality factor, <2o, of 10 pf embedded capacitor in HTCC circuit, with 
tan 8 of 0.001, with tungsten conductors is around 500. The quality factor, Q 0 , of 10 pf 
embedded capacitor in LTCC circuit, with tan 8 of 0.002, with silver conductors is 
around 600. 
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The quality factor, Qq, of lOnH embedded capacitor in HTCC circuit, with 
tungsten conductors is around 50. The quality factor, Q 0 , of 10 pf embedded capacitor 
in LTCC circuit, with silver conductors is around 200. 


11.8 SUMMARY OF LTCC PROCESS ADVANTAGES 
AND LIMITATIONS 

Several advantages and limitation of LTCC technology are listed in this section. 

11.8.1 LTCC Process Advantages 

• Low permittivity tolerance 

• Good thermal conductivity 

• Low TCE (adapted to silicon and GaAs) 

• Excellently suited for multilayer modules 

• Integration of cavities and passive elements such as R, L, and C components 

• Very robust against mechanical and thermal stress (hermetically sealed) 

• Composable with fluidic, chemical, thermal, and mechanical functionalities 

• Low material costs for silver conductor paths 

• Low production costs for medium and large quantities 

Advantages for high-frequency applications are: 

• Parallel processing (high yield, fast turnaround, lower cost) 

• Precisely defined parameters 

• High-performance conductors 

• Potential for multilayer structures 

• High interconnect density 

11.8.2 LTCC Limitations 

The main limitation of LTCC limitation is associated with the limit of forming precision 
geometries of components with the fabrication processes. This limitation imposes limit 
on the shape, size, and density of components and interconnections. These facts narrow 
the range of impedances that can be realized within the LTCC process. 

11.9 CONCLUSIONS 

Dimension and losses of microwave systems are minimized by using MIC, MMIC, 
MEMS, and LTCC technology. Dimension and losses of microwave systems are mini- 
mized by using multilayer structure technique. Multilayer structure technique is well 
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suited to thick-film print technology and for LTCC technology. LTCC technology 
allows the integration of cavities and passive elements such as R, L, and 
C components as part of the LTCC circuits. Sensors, actuators, and RF switches 
may be manufactured by using MEMS technology. Losses of MEMS components 
are considerably lower than MIC and MMIC RF components. MMICs are circuits 
in which active and passive elements are formed on the same dielectric substrate. 
MMICs are dimensionally small (from around 1 to 1 0 mm 2 ) and can be mass-produced. 
MMIC components cannot be tuned. Accurate design is crucial in the design of 
MMICs. MMIC, MEMS, and LTCC designers' goal is to comply with customer spe- 
cifications in one design iteration. 
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ADVANCED ANTENNA 
TECHNOLOGIES FOR 
COMMUNICATION SYSTEM 


Communication and biomedical industry is in rapid growth in the last decade. Low- 
profile small antennas are crucial in the development of commercial compact systems. 
Small printed antennas suffer from low efficiency. 


12.1 NEW WIDEBAND WEARABLE METAMATERIAL ANTENNAS 
FOR COMMUNICATION APPLICATIONS 

Metamaterial technology is used to design small wideband wearable antennas with 
high efficiency. Design considerations and computed and measured results of printed 
metamaterial antennas with high efficiency are presented in this chapter. The pro- 
posed antenna may be used in communication and Medicare systems. The antennas 
5| i results for different positions on the human body are presented in this chapter. The 
gain and directivity of the patch antenna with split ring resonator (SRR) are higher by 
2.5dB than the patch antenna without SRR. The resonant frequency of the antenna 
with SRR on human body is shifted by 3%. 


12.1.1 Introduction 

Microstrip antennas are widely used in communication systems. Microstrip antennas 
have several advantages such as low profile, flexible, light weight, small volume, and 
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low production cost. Compact printed antennas are presented in journals and books, as 
referred in Refs. 1 1—4]. However, small printed antennas suffer from low efficiency. 
Metamaterial technology is used to design small printed antennas with high effi- 
ciency. Printed wearable antennas were presented in Ref. [5]. Artificial media with 
negative dielectric permittivity were presented in Ref. [6]. Periodic SRR and metallic 
post structures may be used to design materials with dielectric constant and permea- 
bility less than 1 as presented in Refs. [6-14]. In this chapter metamaterial technology 
is used to develop small antennas with high efficiency. RF transmission properties of 
human tissues have been investigated in several papers such as Refs. [15, 16]. Several 
wearable antennas have been presented in papers in the last years as referred in Refs. 
[17-24], New wearable printed metamaterial antennas with high efficiency are pre- 
sented in this chapter. The bandwidth of the metamaterial antenna with SRR and 
metallic strips is around 50% for VSWR better than 2.3 : 1. Computed and measured 
results of meta-materials antennas on the human body are discussed in this chapter. 


12.1.2 New Antennas with Split Ring Resonators 

A microstrip dipole antenna with SRR is shown in Figure 12.1. The microstrip loaded 
dipole antenna with SRR provides horizontal polarization. The slot antenna provides 
vertical polarization. The resonant frequency of the antenna with SRR is 400 MHz. 
The resonant frequency of the antenna without SRR is 10% higher. The antennas 
shown in Figure 12.1 consist of two layers. The dipole feed network is printed on 
the first layer. The radiating dipole with SRR is printed on the second layer. The thick- 
ness of each layer is 0.8 mm. The dipole and the slot antenna create dual-polarized 
antenna. The computed Sji parameters are presented in Figure 12.2. 

The length of the dual-polarized antenna with SRR shown in Figure 12.1 is 19.8 
cm. The length of the dual-polarized antenna without SRR shown in Figure 12.3 is 21 
cm. The ring width is 1 .4 mm and the spacing between the rings is 1 .4 mm. The anten- 
nas have been analyzed by using Agilent ADS software. The matching stub locations 
and dimensions have been optimized to get the best VSWR results. The length of the 
stub L in Figures 12.1 and 12.3 is 10 mm. The locations and number of the coupling 
stubs may vary the antenna axial ratio from 0 to 30dB. The number of coupling stubs 


< 19.8 cm > 



FIGURE 12.1 Printed antenna with split ring resonators. 
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FIGURE 12.2 Antenna with split ring resonators, computed Un- 
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FIGURE 12.3 Dual-polarized microstrip antenna. 


may be minimized. The number of coupling stubs in Figure 12.1 is three. The antenna 
axial ratio value may be adjusted also by varying the slot feed location. The dimen- 
sions of the antenna shown in Figure 12.3 are presented in Ref. [5]. The bandwidth of 
the antenna shown in Figure 12.3 is around 10% for VSWR better than 2 : 1. The 
antenna beamwidth is 100°. The antenna gain is around 2dBi. The computed 5ji para- 
meters are presented in Figure 12.4. Figure 12.5 presents the antenna measured .Sj | 
parameters. There is a good agreement between measured and computed results. 
The antenna presented in Figure 12.1 has been modified as shown in Figure 12.6. 
The location and the dimension of the coupling stubs have been modified to get 
two resonant frequencies. The first resonant frequency is 370 MHz and is lower by 
20% than the resonant frequency of the antenna without the SRR (Figure 12.7). 




dB (5( 1,1 )) Magnitude ( dB ) 
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IGURE 12.4 


Computed S , 1 and S 2 2 results of antenna without SRR. 




FIGURE 12.6 Antenna with SRR with two resonant frequencies. 
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Frequency (MHz) 


FIGURE 12.7 Sn for antenna with two resonant frequencies. 



FIGURE 12.8 Antenna with SRR and metallic strips. 


Metallic strips have been added to the antenna with SRR as presented in 
Figure 12.8. The computed .S’ 1 1 parameter of the antenna with metallic strips is pre- 
sented in Figure 12.9. The antenna bandwidth is around 50% for VSWR better than 
3:1. The computed radiation pattern is shown in Figure 12.10. The 3D computed 
radiation pattern is shown in Figure 12.11. The directivity and gain of the antenna with 
SRR are around 5dBi (see Figure 12.12). The directivity of the antenna without 
SRR is around 2dBi. The length of the antennas with SRR is smaller by 5% than 
the antennas without SRR. Moreover, the resonant frequency of the antennas with 
SRR is lower by 5-10%. 

The feed network of the antenna presented in Figure 12.8 has been optimized to 
yield VSWR better than 2 : 1 in frequency range of 250-440 MHz. Optimization of 
the number of the coupling stubs and the distance between the coupling stubs may 
be used to tune the antenna resonant frequency. An optimized antenna with two cou- 
pling stubs has two resonant frequencies. The first resonant frequency is 370 MHz and 
the second resonant frequency is 420 MHz. Antenna with SRR with two coupling 
stubs is presented in Figure 12.13. 
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Frequency (MHz) 

FIGURE 12.9 Sii for antenna with SRR and metallic strips. 



Theta 

FIGURE 12.10 Radiation pattern for antenna with SRR. 



FIGURE 12.11 3D radiation pattern for antenna with SRR. 
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Theta 

FIGURE 12.12 Directivity of the antenna with SRR. 




Frequency (MHz) 


FIGURE 12.14 Sn for antenna with SRR with two coupling stubs. 


The computed Si i parameter of the antenna with two coupling stubs is presented in 
Figure 12.14. The 3D radiation pattern for antenna with SRR and two coupling stubs 
is shown in Figure 12.15. 

The antenna with metallic strips has been optimized to yield wider bandwidth as 
shown in Figure 12.16. The computed .S', , parameter of the modified antenna with 
metallic strips is presented in Figure 12.17. The antenna bandwidth is around 50% 
for VS WR better than 2.3 : 1. 
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FIGURE 12.16 Wideband antenna with SRR and metallic strips. 



FIGURE 12.17 Sn for antenna with SRR and metallic strips. 
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12.1.3 Folded Dipole Metamaterial Antenna with SRR 

The length of the antenna shown in Figure 12.3 may be reduced from 21 to 7 cm by 
folding the printed dipole as shown in Figure 12.18. Tuning bars are located along 
the feed line to tune the antenna to the desired frequency. The antenna bandwidth is 
around 10% for VSWR better than 2 : 1 as shown in Figure 12.19. The antenna 
beamwidth is around 100°. The antenna gain is around 2dBi. The size of the antenna 
with SRR shown in Figure 12.6 may be reduced by folding the printed dipole as 
shown in Figure 12.20. The dimensions of the folded dual-polarized antenna with 
SRR presented in Figure 12.20 are 11x11 x 0.16 cm. Figure 12.21 presents the 
antenna computed .S ' 1 1 parameters. The antenna bandwidth is 10% for VSWR better 
than 2:1. The computed radiation pattern of the folded antenna with SRR is shown 
in Figure 12.22. 


5.5 cm 

■* ► 



FIGURE 12.18 Folded dipole antenna, 7 x 5 x 0. 16 cm. 



FIGURE 12.19 Folded antenna computed 5u and 522 results. 



324 


ADVANCED ANTENNA TECHNOLOGIES FOR COMMUNICATION SYSTEM 




11.0 cm ► 



FIGURE 12.20 Folded dual-polarized antenna with SRR. 



FIGURE 12.21 Folded antenna with SRR, computed S n . 



Theta 


FIGURE 12.22 Radiation pattern of the folded antenna with SRR. 
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12.2 STACKED PATCH ANTENNA LOADED WITH SRR 

At first a microstrip stacked patch antenna [1-3] has been designed. The second step 
was to design the same antenna with SRR. The antenna consists of two layers. The first 
layer consists of FR4 dielectric substrate with dielectric constant of 4 and 1 .6 mm 
thick. The second layer consists of RT/duroid 5880 dielectric substrate with dielectric 
constant of 2.2 and 1.6 mm thick. The dimensions of the microstrip stacked patch 
antenna shown in Figure 12.23 are 33 x 20 x 3.2 mm. The antenna has been analyzed 
by using Agilent ADS software. The antenna bandwidth is around 5% for VSWR bet- 
ter than 2.5 : 1. The antenna beamwidth is around 12 ° . The antenna gain is around 
7dBi. The computed Sn parameters are presented in Figure 12.24. Radiation pattern 
of the microstrip stacked patch is shown in Figure 12.25. The antenna with SRR is 
shown in Figure 12.26. This antenna has the same structure as the antenna shown in 


▲ 

Patch 

FIGURE 12.23 A microstrip stacked patch antenna. 




FIGURE 12.24 Computed Sn of the microstrip stacked patch. 
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FIGURE 12.25 Radiation pattern of the microstrip stacked patch. 
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FIGURE 12.26 Printed antenna with split ring resonators. 
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Frequency (GHz) 

FIGURE 12.27 Patch with split ring resonators, measured Sn. 


Figure 12.23. The ring width is 0.2 mm and the spacing between the rings is 0.25 mm. 
Twenty-eight SRR are placed on the radiating element. There is a good agreement 
between measured and computed results. The measured Sn parameters of the antenna 
with SRR are presented in Figure 12.27. The antenna bandwidth is around 12% for 
VSWR better than 2.5 : 1 . By adding an air space of 4 mm between the antenna layers, 
the VSWR was improved to 2:1. The antenna gain is around 9-10dBi. The 
antenna efficiency is around 95%. The antenna computed radiation pattern 
is shown in Figure 12.28. The patch antenna with SRR performs as a loaded patch 
antenna. The effective area of a patch antenna with SRR is higher than the 
effective area of a patch antenna without SRR. The resonant frequency of a patch 
antenna with SRR is lower by 10% than the resonant frequency of a patch antenna 
without SRR. 

The antenna beamwidth is around 70°. The gain and directivity of the stacked 
patch antenna with SRR are higher by 2-3dB than patch the antenna without SRR. 


12.3 PATCH ANTENNA LOADED WITH SPLIT RING RESONATORS 

A patch antenna with SRR has been designed. The antenna is printed on RT/duroid 
5880 dielectric substrate with dielectric constant of 2.2 and 1.6 mm thick. The dimen- 
sions of the microstrip patch antenna shown in Figure 12.29 are 36 x 20 x 1.6 mm. 
The antenna bandwidth is around 5% for S u lower than -9.5dB. However, the 
antenna bandwidth is around 10% for VSWR better than 3:1. The antenna beam- 
width is around 12° . The antenna gain is around 7.8dBi. The directivity of the antenna 
is 8. The antenna gain is 6.03. The antenna efficiency is 77.25%. The computed S] j 
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Theta (-90.000 to 90.000) 

FIGURE 12.28 Radiation pattern for patch with SRR. 



FIGURE 12.29 Patch antenna with split ring resonators. 
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Frequency (GHz) 

FIGURE 12.30 Patch with split ring resonators, computed S u . 



Air 0.0-5 mm 



parameters are presented in Figure 12.30. The gain and directivity of the patch antenna 
with SRR is higher by 2.5dB than the patch antenna without SRR. 


12.4 METAMATERIAL ANTENNA CHARACTERISTICS IN VICINITY 
TO THE HUMAN BODY 


The antennas’ input impedance variation as function of distance from the human body 
had been computed by using the structure presented in Figure 12.31. Electrical proper- 
ties of human body tissues are listed in Table 12.1 (see Ref. [15]). The antenna 
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TABLE 12.1 Electrical Properties of Human Body Tissues 


Tissue 

Property 

434 MHz 

600 MHz 

Prostate 

o 

0.75 

0.90 


£ 

50.53 

47.4 

Skin 

O 

0.57 

0.6 


£ 

41.6 

40.43 

Stomach 

C 

0.67 

0.73 


£ 

42.9 

41.41 

Colon, muscle 

C 

0.98 

1.06 


£ 

63.6 

61.9 

Lung 

O 

0.27 

0.27 


£ 

38.4 

38.4 



location on human body may be taken into account by calculating Su for different 
dielectric constant of the body. The variation of the dielectric constant of the body 
from 43 at the stomach to 63 at the colon zone shifts the antenna resonant frequency 
by 2%. The antenna was placed inside a belt with thickness between 1 and 4 mm with 
dielectric constant from 2 to 4. 

The air spacing between the belt and the patient shirt is varied from 0 to 8 mm. The 
dielectric constant of the patient shirt was varied from 2 to 4. 

Figure 12.32 presents the 5] i results of the antenna with SRR shown in Figure 12.13 
on the human body. The antenna resonant frequency is shifted by 3%. Figure 12.33 
presents the Sj i results of the antenna with SRR and metallic strips, shown in 
Figure 12.16, on the human body. The antenna resonant frequency is shifted by 1%. 

Figure 12.34 presents the Sn results (of the antenna shown in Fig. 12.3) for dif- 
ferent air spacing between the antennas and human body and belt thickness and shirt 
thickness. Results presented in Figure 12.33 indicate that the antenna has VSWR 
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better than 2.5 : 1 for air spacing up to 8 mm between the antennas and the body. 
Figure 12.35 presents the Sn results for different position relative to the human body 
of the folded antenna shown in Figure 12.6. Explanation of Figure 12.35 is given in 
Table 12.2. If the air spacing between the antennas and the human body is increased 
from 0 to 5 mm, the antenna resonant frequency is shifted by 5%. Tunable wearable 
antenna may be used to control the antenna resonant frequency at different positions 
on the human body (see Ref. [25]). 

Figure 12.36 presents the Sn results of the folded antenna with SRR, shown in 
Figure 12.8, on the human body. The antenna resonant frequency is shifted by 2%. 
The radiation pattern of the folded antenna with SRR on human body is presented 
in Figure 12.37. 
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Sn Frequency (MHz) 

FIGURE 12.35 S \ i results for different locations relative to the human body for the antenna 
shown in Figure 12.6. 


TABLE 12.2 Explanation of Figure 12.35 

Picture Line Type Sensor Position 

1 Dot- Shirt thickness 0.5 mm 

2 Line Shirt thickness 1 mm 

3 Dash dot Air spacing 2 mm 

4 Dash Air spacing 4 mm 

5 Long dash Air spacing 1 mm 

6 Big dots Air spacing 5 mm 



FIGURE 12.36 Folded antenna with SRR, Sn results on the body. 
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FIGURE 12.37 Radiation pattern of the folded antenna with SRR on human body. 


12.5 METAMATERIAL WEARABLE ANTENNAS 

The proposed wearable metamaterial antennas may be placed inside a belt as shown in 
Figure 12.38. Three to four antennas may be placed in a belt and attached to the patient 
stomach. More antennas may be attached to the patient back to improve the level of 
the received signal from different locations in the human body. The cable from each 
antenna is connected to a recorder. The received signal is transferred via a SP8T 
switch to the receiver. The antennas receive a signal that is transmitted from various 
positions in the human body. The medical system selects the signal with the high- 
est power. 

In several systems the distance separating the transmitting and receiving antennas 
is in the near-field zone. In these cases the electric field intensity decays rapidly with 
distance. The near fields only transfer energy to close distances from the antenna and 
do not radiate energy to far distances. The radiated power is trapped in the region near 
to the antenna. In the near-field zone the receiving and transmitting antennas are mag- 
netically coupled. The inductive coupling value between two antennas is measured by 
their mutual inductance. In these systems we have to consider only the near-field elec- 
tromagnetic coupling. 

In Figures 12.39, 12.40, 12.41, and 12.42, several photos of printed antennas for 
medical applications are shown. The dimensions of the folded dipole antenna are 
7 x 6 x 0.16 cm. The dimensions of the compact folded dipole presented in Ref. [5] 
and shown in Figure 12.39 are 5 x 5 x 0.5 cm. The antenna electrical characteristics 
on human body have been measured by using a phantom. The phantom has been 
designed to represent the human body electrical properties as presented in Ref. [5]. 
The tested antenna was attached to the phantom during the measurements of the 
antenna electrical parameters. 
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FIGURE 12.38 Medical system with printed wearable antenna. 



FIGURE 12.39 Microstrip antennas for medical applications. 
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FIGURE 12.40 Metamaterial antennas for medical applications. 


SRR 



FIGURE 12.41 Metamaterial patch antenna with SRR. 



FIGURE 12.42 Metamaterial stacked patch antenna with SRR. 
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12.6 WIDEBAND STACKED PATCH WITH SRR 

A wideband microstrip stacked patch antenna with air spacing [1-3] has been 
designed. The antenna has been designed with SRR. The antenna consists of two 
layers. The first layer consists of FR4 dielectric substrate with dielectric constant 
of 4 and 1.6 mm thick. The second layer consists of RT/duroid 5880 dielectric sub- 
strate with dielectric constant of 2.2 and 1.6 mm thick. The layers are separated by air 
spacing. The dimensions of the microstrip stacked patch antenna shown in 
Figure 12.43 are 33 x 20 x 3.2 mm. The antenna has been analyzed by using Agilent 
ADS software. The antenna bandwidth is around 10% for VSWR better than 2.0 : 1. 
The antenna beamwidth is around 72°. The antenna gain is around 90-10dBi. The 
antenna efficiency is around 95%. The computed Su parameters are presented in 
Figure 12.44. Radiation pattern of the stacked patch is shown in Figure 12.45. There 
is a good agreement between measured and computed results. 

Figure 12.32 presents the Su results of the antenna with SRR shown in 
Figure 12.13 on the human body. The antenna resonant frequency is shifted by 
3%. Figure 12.33 presents the S n results of the antenna with SRR and metallic 
strips, shown in Figure 12.16, on the human body. The antenna resonant frequency 
is shifted by 1%. 


Matching network ^ 


FIGURE 12.43 Wideband stacked patch antenna with SRR. 
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FIGURE 12.44 Wideband stacked antenna with SRR, Sn results. 


Efficiency (%) 

Gain Directivity 

100.000 



o 

o 


180° 

FIGURE 12.45 Radiation pattern of the stacked antenna with SRR. 
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12.7 FRACTAL PRINTED ANTENNAS 
12.7.1 Introduction 

A fractal antenna is an antenna that uses antenna design with similar fractal segments 
to maximize the antenna effective area. Fractal antennas are also referred as multilevel 
structure with space-filling curves (SFC). The key aspect lies in a repetition of a motif 
over two or more scale sizes or “iterations.” Fractal antennas are very compact, multi- 
band, or wideband and have useful applications in cellular telephone and microwave 
communications. Several fractal antennas was presented in books, papers, and patents 
(see Refs. [26-39]). 


12.7.2 Fractal Structures 

A curve, with endpoints, is represented by a continuous function whose domain is the 
unit interval [0, 1 ]. The curve may line in a plane or in a 3D space. A fractal curve is a 
densely self-intersecting curve that passes through every point of the unit square. 
A fractal curve is a continuous mapping from the unit interval to the unit square. 

In mathematics, an SFC is a curve whose range contains the entire two-dimensional 
unit square. Most SFC are constructed iteratively as a limit of a sequence of piecewise 
linear continuous curves, each one closely approximating the space-filling limit. For 
SFC, where two subcurves intersect (in the technical sense), there is self-contact with- 
out self-crossing. An SFC can be (everywhere) self-crossing if its approximation 
curves are self-crossing. An SFC’s approximations can be self-avoiding, as presented 
in Figure 12.46. In three dimensions, self-avoiding approximation curves can even 
contain joined ends. SFC are special cases of fractal constructions. No differentiable 
SFC can exist. 

The term “fractal curve” was introduced by B. Mandelbrot [26, 27] to describe a 
family of geometrical objects that are not defined in standard Euclidean geometry. 
Fractals are geometric shapes that repeat itself over a variety of scale sizes. One of 
the key properties of a fractal curve is the self-similarity. A self-similar object is 
unchanged after increasing or shrinking its size. An example of a repetitive geometry 
is the Koch curve, presented in 1904 by Helge von Koch, and is shown in 
Figure 12.46b. Koch generated the geometry by using a segment of straight line 


(a) 


(b) 


(c) 



(d) 
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FIGURE 12.46 (a) Line, (b) motif of bended line, (c) bended line fractal structures, and 

(d) fractal structure. 
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and raises an equilateral triangle over its middle third. Repeating once more the proc- 
ess of erecting equilateral triangles over the middle thirds of straight line results what 
is presented in Figure 12.47a. Iterating the process infinitely many times results in a 
“curve” of infinite length. This geometry is continuous everywhere but is nowhere 
differentiable. Applying the Koch process to an equilateral triangle, after many itera- 
tions, converges to the Koch snowflake shown in Figure 12.47. This process can be 
applied to several geometries as shown in Figures 12.48 and 12.49. Many variations of 
these geometries are presented in several papers. 


(a) (b) 



FIGURE 12.47 (a) Koch fractal structures and (b) Koch snowflakes. 



FIGURE 12.48 Folded fractal structures. 



FIGURE 12.49 Variations of Koch fractal structures. 
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12.7.3 Fractal Antennas 

Fractal geometries may be applied to design antennas and antenna arrays. The advan- 
tages of printed circuit technology and printed antennas enhance the design of fractal 
printed antennas and microwave components. The effective area of a fractal antenna is 
significantly higher than the effective area of a regular printed antenna. Fractal antenna 
may operate with good performance at several different frequencies simultaneously. 
Fractal antennas are compact multiband antennas. Directivity of fractal antennas is usu- 
ally higher than directivity of a regular printed antenna. The number of element in a 
fractal antenna array may be reduced by around a quarter of the number of elements 
in a regular array. A fractal antenna could be considered as a nonuniform distribution 
of radiating elements. Each of the elements contributes to the total radiated power 
density at a given point with a given amplitude and phase. By spatially supeiposing 
these line radiators, we can study the properties of a fractal antenna array. 

Small antenna features are: 

• A large input reactance (either capacitive or inductive) that usually has to be 
compensated with an external matching network 

• A small radiating resistance 

• Small bandwidth and low efficiency 

This means that it is highly challenging to design a resonant antenna in a small space in 
terms of the wavelength at resonance. 

The use of microstrip antennas is well known in mobile telephony handsets [30]. 
The planar inverted-F antenna (PIFA) configuration is popular in mobile communi- 
cation systems. The advantages of PIFA antennas are their low profile, low fabrication 
costs, and easy integration within the system structure. One of the miniaturization 
techniques used in this antenna system is based on SFC. In some particular case of 
antenna configuration system, the antenna shape may be described as a multilevel 
structure. Multilevel technique has been already proposed to reduce the physical 
dimensions of microstrip antennas. The present integrated multiservice antenna sys- 
tem for communication system comprises the following parts and features. 

The antenna includes a conducting strip or wire shaped by an SFC, composed of at 
least 200 connected segments forming a substantially right angle with each adjacent 
segment smaller than a hundredth of the free-space operating wavelength. The impor- 
tant reduction size of such antennas system is obtained by using space-filling geome- 
tries. An SFC can be described as a curve that is large in terms of physical length but 
small in terms of the area in which the curve can be included. An SFC can be fitted 
over a flat or curved surface, and due to the angles between segments, the physical 
length of the curve is always larger than that of any straight line that can be fitted 
in the same area (surface). 

Additionally, to properly shape the structure of a miniature antenna, the segments 
of the SFC must be shorter than a 10th of the free-space operating wavelength. The 
antenna is fed with a two-conductor structure such as a coaxial cable, with one of the 
conductors connected to the lower tip of the multilevel structure and the other 
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(a) 


(b) 




FIGURE 12.50 (a) Patch with space-filling perimeter of the conducting sheet and 

(b) microstrip patch with space-filling perimeter of the conducting sheet. 


conductor connected to the metallic structure of the system that acts as a ground plane. 
This antenna type features a size reduction below a 20% than the typical size of a con- 
ventional external quarter-wave whip antenna. This feature together with the small 
profile of the antenna, which can be printed in a low-cost dielectric substrate, allows 
a simple and compact integration of the antenna structure. 

Reducing the size of the radiating elements can be achieved by using a PIFA con- 
figuration, consisting of connecting two parallel conducting sheets, separated either 
by air or a dielectric, magnetic, or magnetodielectric material. The sheets are con- 
nected through a conducting strip near one of the sheet comers and orthogonally 
mounted to both sheets. 

The antenna is fed through a coaxial cable, having its outer conductor connected to 
the first sheet, with the second sheet being coupled either by direct contact or capac- 
itive to inner conductor of the coaxial cable. 

In Figure 12.50a and b two examples of space-filling perimeter of the conducting 
sheet to achieve an optimized miniaturization of the antenna are presented. 


12.8 ANTIRADAR FRACTALS AND/OR MULTILEVEL CHAFF 
DISPERSERS 

Chaff was one of the forms of countermeasure employed against radar. It usually con- 
sists of a large number of electromagnetic dispersers and reflectors, normally arranged 
in form of strips of metal foil packed in a bundle. Chaff is usually employed to foil or 
to confuse surveillance and tracking radar. 
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12.8.1 Geometry of Dispersers 

Here a new geometry of the dispersers or reflectors that improves the properties of 
radar chaff is presented [31 ]. Some of the geometries of the dispersers or reflectors 
presented here are related with some forms for antennas. Multilevel and fractal struc- 
ture antennas are distinguished in being of reduced size and having a multiband 
behavior, as presented in Refs. [32—39]. 

The main electrical characteristic of a radar chaff disperser is its radar cross 
section (RCS), which is related with the reflective capability of the disperser. 

A fractal curve for a chaff disperser is defined as a curve comprising at least 10 seg- 
ments that are connected so that each element forms an angle with its neighbors and no 
pair of these segments defines a longer straight segment, these segments being smaller 
than a 1 0th part of the resonant wavelength in free space of the entire structure of the 
dispenser. 

In many of the configuration presented, the size of the entire disperser is smaller 
than a quarter of the lowest operating wavelength. 

The SFC (or fractal curves) can be characterized by: 

1 . They are long in terms of physical length but small in terms of area in which 
the curve can be included. The dispersers with a fractal form are long elec- 
trically but can be included in a very small surface area. This means it is 
possible to obtain a smaller packaging and a denser chaff cloud using this 
technique. 

2. Frequency response: Their complex geometry provides a spectrally richer sig- 
nature when compared with rectilinear dispersers known in the stat of the art. 

The fractal structure properties of disperser not only introduce an advantage in 
terms of reflected radar signal response but also in terms of aerodynamic profile of 
dispersers. It is known that a surface offers greater resistance to air than a line or a 
one-dimensional form. 

Therefore, giving a fractal form to the dispersers with a dimension greater than 
unity (D > 1 ) increases resistance to the air and improves the time of suspension. 


12.9 DEFINITION OF MULTIFEYEL FRACTAL STRUCTURE 

Multilevel structures are a geometry related with fractal structures. In the case of radar 
chaff, a multilevel structure is defined as structure that includes a set of polygons, 
which are characterized in having the same number of sides, wherein these polygons 
are electromagnetically coupled either by means of capacitive coupling or by means of 
an ohmic contact. The region of contact between the directly connected polygons is 
smaller than 50% of the perimeter of the polygons mentioned in at least 75% of the 
polygons that constitute the defined multilevel structure. 
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A multilevel structure: 

• Provides both a reduction in the size of dispensers and an enhancement of their 
frequency response 

• Can resonate in a nonharmonic way and can even cover simultaneously and with 
the same relative bandwidth at least a portion of numerous bands 

The fractal structures (SFC) are preferred when a reduction in size is required, 
while multilevel structures are preferred when it is required that the most important 
considerations be given to the spectral response of radar chaff. 

The main advantages for configuring the form of the chaff dispersers are the 
following: 

1 . The dispersers are small; consequently more dispersers can be encapsulated in a 
same cartridge, rocket, or launch vehicle. 

2. The dispersers are also lighter; therefore they can remain more time floating in 
the air than the conventional chaff. 

3. Due to the smaller size of the chaff dispersers, the launching devices (cartridges, 
rockets, etc.) can be smaller with regard to chaff systems in the state of the art 
providing the same RCS. 

4. Due to lighter weight of the chaff dispersers, the launching devices can shot the 
packages of chaff farther from the launching devices and locations. 

5. Chaff dispersers constituted by multilevel and fractal structures provide larger 
RCS at longer wavelengths than conventional chaff dispersers of the same size. 

6. The dispersers with long wavelengths can be configured and printed on light 
dielectric supports having a nonaerodynamic form and opposing a greater 
resistance to the air and thereby having a longer time of suspension. 

7. The dispersers provide a better frequency response with regard to dispersers of 
the state of the art. In the following images such size compression structures 
based on fractal curves are presented (Figure 12.51). 



FIGURE 12.51 Fractal curves that can be used to configure a chaff disperser. 
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FIGURE 12.52 Hilbert fractal curves. 


Figure 12.52 shows several examples of Hilbert fractal curves (with increasing iter- 
ation order) that can be used to configure the chaff disperser. 


12.10 ADVANCED ANTENNA SYSTEM 

The main advantage of advanced antenna system lies in the multiband and multiser- 
vice performance of the antenna. This enables convenient and easy connection of a 
simple antenna for most communication systems and applications. The main advan- 
tages addressed by advanced antennas featured similar parameters (input imped- 
ance, radiation pattern) at several bands maintaining their performance, compared 
with conventional antennas. Fractal shapes permit to obtain compact antenna of 
reduced dimensions compared to other conventional antennas. Multilevel antennas 
introduced a higher flexibility to design multiservice antennas for real applications, 
extending the theoretical capabilities of ideal fractal antennas to practical, commer- 
cial antennas. 


12.10.1 Comparison between Euclidean Antenna and Fractal Antenna 

Most conventional antennas are Euclidean design/geometry, where the closed antenna 
area is directly proportional to the antenna perimeter. Thus, for example, when the 
length of a Euclidean square is increased by a factor of 3, the enclosed area of the 
antenna is increased by a factor of 9. Gain, directivity, impedance, and efficiency 
of Euclidean antennas are a function of the antenna’s size to wavelength ratio. 

Euclidean antennas are typically desired to operate within a narrow range (e.g., 
10-40%) around a central frequency / c , which in turn dictates the size of the antenna 
(e.g., half or quarter wavelength). When the size of a Euclidean antenna is made much 
smaller than the operating wavelength (2), it becomes very inefficient because the 
antenna’s radiation resistance decreases and becomes less than its ohmic resistance 
(i.e., it does not couple electromagnetic excitations efficiently to free space). Instead, 
it stores energy reactively within its vicinity (reactive impedance X c ). These aspects of 
Euclidean antennas work together to make it difficult for small Euclidean antennas to 
couple or match to feeding or excitation circuitry and cause them to have a high Q 
factor (lower bandwidth). Q (quality) factor may be defined as approximately the ratio 
of input reactance X in to radiation resistance R r : Q = X m / R, . 

The Q factor may also be defined as the ratio of average stored electric energies (or 
magnetic energies stored) to the average radiated power. Q can be shown to be 
inversely proportional to bandwidth. 
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Thus, small Euclidean antennas have very small bandwidth, which is of course 
undesirable (matching network may be needed). Many known Euclidean antennas 
are based upon closed-loop shapes. 

Unfortunately, when small in size, such loop-shaped antennas are undesirable 
because, as discussed previously, the radiation resistance decreases significantly when 
the antenna size is decreased. This is because the physical area (A) contained within 
the loop-shaped antenna’s contour is related to the loop perimeter. 

Radiation resistance R r of a circular loop-shaped Euclidean antenna is defined by 
R r , as given in Equation 12.1, k being a constant: 


R r = \]K 




( 12 . 1 ) 


Since the resistance R c is only proportional to perimeter (C), then for C < 1, the 
resistance R c is greater than the radiation resistance R, and the antenna is highly inef- 
ficient. This is generally true for any small circular Euclidean antenna. A small-sized 
antenna will exhibit a relatively large ohmic resistance and a relatively small radiation 
resistance R r . This low efficiency limits the use of the small antennas. 

Fractal geometry is a non-Euclidean geometry, which can be used to overcome the 
problems with small Euclidean antennas. Radiation resistance R r of a fractal antenna 
decreases as a small power of the perimeter (C) compression, which a fractal loop or 
island always having a substantially higher radiation resistance than a small Euclidean 
loop antenna of equal size. Fractal geometry may be grouped into: 


• Random fractals, which may be called chaotic or Brownian fractals. 

• Deterministic or exact fractals. In deterministic fractal geometry, a self-similar 
structure results from the repetition of a design or motif (generator) with self- 
similarity and structure at all scales. In deterministic or exact self-similarity, frac- 
tal antennas may be constructed through recursive or iterative means. In other 
words, fractals are often composed of many copies of themselves at different 
scales, thereby allowing them to defy the classical antenna performance con- 
straint, which is the size to wavelength ratio. 


12.10.2 Multilevel and Space-Filling Ground Planes for Miniature and 
Multiband Antennas 

A new family of antenna ground planes of reduced size and enhanced performance 
based on an innovative set of geometries is presented in Figure 12.55. 

These new geometries are known as multilevel and space-filling structures, which 
had been previously used in the design of multiband and miniature antennas. 

One of the key issues of the present antenna system is considering the ground plane 
of an antenna as an integral part of the antenna that mainly contributes to its radiation 
and impedance performance (impedance level, resonant frequency, and bandwidth). 
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The multilevel and space-filling structures are used in the ground plane of the 
antenna obtaining this way a better return loss or VS WR, a better bandwidth, a multi- 
band behavior, or a combination of all these effects. The technique can be seen as well 
a means of reducing the size of the ground plane and therefore the size of the overall 
antenna. The key point of the present antenna system is shaping the ground plane of an 
antenna in such a way that the combined effect of the ground plane and the radiating 
element enhances the performance and characteristics of the whole antenna device, 
either in terms of bandwidth, VSWR, multiband, efficiency, size, or gain. 

12.10.2.1 Multilevel Geometry The resulting geometry is no longer a solid, con- 
ventional ground plane, but a ground plane with a multilevel or space-filling geom- 
etry, at least in a portion of ground plane. 

A multilevel geometry for a ground plane consists of a conducting structure includ- 
ing a set of polygons, featuring the same number of sides, electromagnetically coupled 
either by means of a capacitive coupling or ohmic contact. The contact region between 
directly connected polygons is narrower than 50% of the perimeter of polygons in at 
least 75% of polygons defining the conducting ground plane. In this definition of mul- 
tilevel geometry, circles and ellipses are included as well, since they can be under- 
stood as polygons with infinite number of sides. 

12.10.2.2 Space-Filling Curve A space-filling curve (hereafter SFC) is a curve 
that is large in terms of physical length but small in terms of the area in which the 
curve can be included. 

This is also a curve composed of at least 10 segments that are connected in such a 
way that each segment forms an angle with their neighbors, that is, no pair of adjacent 
segments defines a larger straight segment, and wherein the curve can be optionally 
periodic along a fixed straight direction of space if and only if the period is defined by 
a nonperiodic curve composed of at least 10 connected segments and no pair of adja- 
cent and connected segments defines a straight longer segment. 

An SFC can be fitted over a flat or curved surface, and due to the angles between 
segments, the physical length of the curve is always larger than that of any straight line 
that can be fitted in the same area (surface). 

Additionally, to properly shape the ground plane, the segments of the SFC curves 
included in the ground plane must be shorter than a 10th of the free-space operating 
wavelength. 

Figure 12.53 shows several examples of fractal geometries that can be used as SFC. 

Figure 12.54 shows several examples of Hilbert fractal curves that can be used 
as SFC. 

The curves shown in the Figure 12.53 are some examples of such SFC. Due to the 
special geometry of multilevel and space-filling structure, the current distributes over 
the ground plane in such a way that it enhances the antenna performance and features 
in terms of: 

• Reduced size compared to antennas with a solid ground plane 

• Enhanced bandwidth compared to antennas with a solid ground plane 
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• Multifrequency performance 

• Better VSWR feature at the operating band or bands 

• Better radiation efficiency 

• Enhanced gain 

Figure 12.55a shows a patch antenna above a particular example of a new ground- 
plane structure formed by both multilevel and space-filling geometries. Figure 12.55b 
shows a monopole antenna above a ground-plane structure formed by both multilevel 
and space-filling geometries. 

Figure 12.56 shows several examples of different contour shapes for multilevel 
ground planes, such as rectangular 56a and 56b and circular 56c. 



FIGURE 12.53 Fractal curves that can be used as space-filling curves. 



FIGURE 12.54 Hilbert fractal curves that can be used as space-filling curves. 



FIGURE 12.55 (a) Patch antenna above a new ground-plane structure and (b) monopole 

antenna above a ground-plane structure formed by both multilevel and space-filling geometries. 
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FIGURE 12.56 Examples of different contour shaped multilevel ground planes, (a) Rectangular 
ground planes, (b) multilevel rectangular ground planes, and (c) circular ground planes. 


12.11 APPLICATIONS OF FRACTAL PRINTED ANTENNAS 

In this chapter several designs of fractal printed antennas are presented for commu- 
nication applications. These fractal antennas are compact and efficient. The antenna 
gain is around 8dBi with 90% efficiency. 


12.11.1 New 2.5 GHz Fractal Antenna with Space-Filling Perimeter 
on the Radiator 

A new fractal microstrip antenna was designed as presented in Figure 12.57. The 
antenna was printed on duroid substrate 0.8 mm thick with 2.2 dielectric constant. 
The antenna dimensions are 5.2 x 48.8 x 0.08 cm. The antenna was designed by using 
ADS software. 

The antenna bandwidth is around 2% around 2.5 GHz for VSWR better than 3:1. 
The antenna bandwidth may be improved to 5%, for VSWR better than 2 : 1, by 
adding a second layer above the resonator. A patch radiator is printed on the second 
layer as presented in Figure 12.58. The radiator was printed on FR4 substrate 0.8 mm 
thick with 4.5 dielectric constant. The electromagnetic fields radiated by the resonator 
are electromagnetic coupled to the patch radiator. The patch radiator dimensions are 
45.2 x 48.8 x 0.08 cm. The stacked fractal antenna structure is shown in Figure 12.59. 
The spacing between the two layers may be varied to get wider bandwidth. The 
stacked fractal antenna S 1 1 parameters with 8 mm air spacing between the layers 
are presented in Figure 12.60. The .S'i i parameter of the fractal stacked patch antenna 
with 10 mm air spacing is given in Figure 12.61. The antenna bandwidth is improved 
to 5% for VSWR better than 2:1. The fractal stacked patch antenna radiation pattern 
is shown in Figure 12.62. The antenna beamwidth is around 76°, with 8dBi gain and 
91% efficiency. 

A photo of the stacked fractal patch antenna is shown in Figure 12.63. The antenna 
resonator is shown in Figure 12.63a. The antenna radiator is shown in Figure 12.63b. 
A modified version of the antenna is shown in Figure 12.64. The .S'i i parameter of the 
modified fractal stacked patch antenna with 8 mm air spacing is given in Figure 12.65. 
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FIGURE 12.57 Fractal antenna resonators. 




FIGURE 12.58 Fractal antenna patch radiator. 







FIGURE 12.59 Fractal stacked patch antenna structure. 



Frequency 

FIGURE 12.60 S H parameter of the fractal stacked patch antenna with 8 mm air spacing. 


Su 



Frequency 

FIGURE 12.61 S u parameter of the fractal stacked patch antenna with 10 mm air spacing. 
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180° 

Theta (-90.000 to 90.000) 

FIGURE 12.62 Fractal stacked patch antenna radiation pattern with 10 mm air spacing. 



FIGURE 12.63 Fractal stacked patch antenna, (a) Resonator and (b) radiator. 
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FIGURE 12.64 A modified fractal stacked patch antenna structure. 



FIGURE 12.65 Sn parameter of the modified fractal stacked antenna with 8 mm air spacing. 


The antenna bandwidth is around 10% for VSWR better than 3 : 1 . The fractal stacked 
patch antenna radiation pattern is shown in Figure 12.66. The antenna beamwidth is 
around 76°, with 8dBi gain and 91.82% efficiency. 


12.11.2 New Stacked Patch 2.5 GHz Fractal Printed Antennas 

A new fractal microstrip antenna was designed as presented in Figure 12.67. The 
antenna was printed on duroid substrate 0.8 mm thick with 2.2 dielectric constant. 
The antenna dimensions are 45.8x39.1 x 0.08 cm. The antenna was designed by 
using ADS software. 
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Theta (-90.000 to 90.000) 


FIGURE 12.66 Fractal stacked patch antenna radiation pattern with 8 mm air spacing. 



FIGURE 12.67 Resonator of a fractal stacked patch antenna, (a) Layout and 
(b) resonator photo. 
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FIGURE 12.68 Radiator of a fractal stacked patch antenna. 




FIGURE 12.69 Layout of the fractal stacked patch antenna. 


The antenna resonator bandwidth is around 2% around 2.52 GHz for VSWR 
better than 3:1. The antenna bandwidth may be improved to 6%, for VSWR better 
than 3 : 1 , by adding a second layer above the resonator. A patch radiator is printed 
on the second layer as presented in Figure 12.68. The radiator was printed on FR4 
substrate 0.8 mm thick with 4.5 dielectric constant. The electromagnetic fields 
radiated by the resonator are electromagnetic coupled to the patch radiator. The 
patch radiator dimensions are 45.8x39.1 x 0.08 cm. The stacked fractal antenna 
structure is shown in Figure 12.69. The spacing between the two layers may be 
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5,1 



Frequency 


FIGURE 12.70 Computed 5n parameter of the single-layer fractal antenna. 



FIGURE 12.71 Measured and computed Sn parameter of the fractal stacked patch antenna 
with no air spacing between the layers. 


varied to get wider bandwidth. The single-layer fractal antenna S 1 1 parameter is 
presented in Figure 12.70. 

A comparison of the computed and measured S 1 1 parameter of the fractal stacked 
patch antenna with no air spacing is given in Figure 12.71. There is a good agreement 
between measured and computed results. The fractal stacked patch antenna radiation 
pattern is shown in Figure 12.72. The antenna beamwidth is around 82°, with 7.5dBi 
gain and 97.2% efficiency. A photo of the fractal stacked patch antenna is shown in 
Figure 12.73. The antenna resonator is shown in Figure 12.74a. The antenna radiator 
is shown in Figure 12.74b. 


Efficiency (%) Gain Directivity 



Theta (-90.000 to 90.000) 

FIGURE 12.72 Fractal stacked patch antenna radiation pattern with 8 mm air spacing. 

(a) (b) 



FIGURE 12.73 Fractal stacked patch antenna, (a) Resonator and (b) radiator. 
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(a) (b) 



FIGURE 12.74 (a) Resonator of the 8 GHz fractal stacked patch antenna and (b) 8 GHz 

fractal resonator photo. 


12.11.3 New 8 GHz Fractal Printed Antennas with Space-Filling Perimeter 
of the Conducting Sheet 

A new fractal microstrip antenna was designed as presented in Figure 12.74. The 
antenna was printed on duroid substrate 0.8 mm thick with 2.2 dielectric constant. 
The antenna dimensions are 17.2 x 21.8 x 0.08 cm. The antenna was designed by 
using ADS software. 

The antenna resonator bandwidth is around 3% around 7. 2 GHz for VSWR better 
than 2:1. The antenna bandwidth is improved to 22%, for VSWR better than 3 : 1 , by 
adding a second layer above the resonator. A patch radiator is printed on the second 
layer as presented in Figure 12.75. The radiator was printed on FR4 substrate 0.8 mm 
thick with 4.5 dielectric constant. The electromagnetic fields radiated by the resonator 
are electromagnetic coupled to the patch radiator. The patch radiator dimensions are 
17.2 x 21.8 x 0.08 cm. The stacked fractal antenna structure is shown in Figure 12.76. 
The spacing between the two layers may be varied to get wider bandwidth. The single- 
layer fractal antenna S , 1 parameter is presented in Figure 12.77. The computed .Si | 
parameter of the fractal stacked patch antenna with 2 mm air spacing is given in 
Figure 12.78. The fractal stacked patch antenna radiation pattern at 7.5 GHz is shown 
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fa) 


(b) 



FIGURE 12.75 (a) Radiator of the 8 GHz fractal stacked patch antenna and 

(b) radiator photo. 




FIGURE 12.76 Layout of the 8 GHz fractal stacked patch antenna. 
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Sn 




Frequency 


FIGURE 12.78 Computed Sn of the 8 GFIz fractal stacked patch antenna with 2 mm air 
spacing. 


in Figure 12.79. The antenna beamwidth is around 82°, with 7.8dBi gain and 
82.2% efficiency. The fractal stacked patch antenna radiation pattern at 8 GHz is 
shown in Figure 12.80. The antenna beamwidth is around 82°, with 7.5dBi gain 
and 95.3% efficiency. A photo of the fractal stacked patch antenna is shown in 
Figure 12.81. The antenna resonator is shown in Figure 12.81a. The antenna radiator 
is shown in Figure 12.81b. 
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Efficiency (%) Gain Directivity 



Theta (-90.000 to 90.000) 

FIGURE 12.79 Fractal stacked patch antenna radiation pattern with 2 mm air spacing at 
7.5 GHz. 


12.11.4 New Stacked Patch 7.4 GHz Fractal Printed Antennas 

A new fractal microstrip antenna was designed as presented in Figure 12.82. The 
antenna was printed on duroid substrate 0.8 mm thick with 2.2 dielectric constant. 
The antenna dimensions are 18 x 12 x 0.08 cm. The antenna was designed by using 
ADS software. 

The antenna resonator bandwidth is around 2% around 7. 4 GHz for VSWR better 
than 2:1. The antenna bandwidth is improved to 10%, for VSWR better than 3 : 1 , by 
adding a second layer above the resonator. A patch radiator is printed on the second 
layer as presented in Figure 12.83. The radiator was printed on FR4 substrate 0.8 mm 
thick with 4.5 dielectric constant. The electromagnetic fields radiated by the resonator 
are electromagnetic coupled to the patch radiator. The fractal stacked patch dimen- 
sions are 18 x 12 x 0.08 cm. The stacked fractal antenna structure is shown in 


Magnitude (dBi) 


Efficiency (%) Gain Directivity 



Theta (-90.000 to 90.000) 

FIGURE 12.80 Fractal stacked patch antenna radiation pattern with 2 mm air spacing at 
8 GHz. 



FIGURE 12.81 A photo of the fractal stacked patch antenna, (a) Resonator and (b) radiator. 
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FIGURE 12.82 Layout of the 7.4 GHz fractal resonator. 



FIGURE 12.83 Radiator of a 7.4 GHz fractal stacked patch antenna. 
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FIGURE 12.84 Layout of the 8 GHz fractal stacked patch antenna. 
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FIGURE 12.85 Computed S u of the 7.4 GHz modified fractal antenna with 3 mm air 
spacing. 


Figure 12.84. The spacing between the two layers may be varied to get wider band- 
width. The computed i parameter of the fractal stacked patch antenna with 3 mm air 
spacing is given in Figure 12.85. The fractal stacked patch antenna radiation pattern at 
7.5 GHz is shown in Figure 12.86. The antenna beamwidth is around 86°, with 7.9dBi 
gain and 89.7% efficiency. 
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FIGURE 12.86 Fractal stacked patch antenna radiation pattern with 3 mm air spacing at 
7.5 GHz. 


A modified antenna structure is presented in Figure 12.87. The antenna matching 
network has been modified and Sn at 7.45 GHz is -23.5dB as shown in Figure 12.88. 
The computed Su parameter of the fractal stacked patch antenna with 3 mm air spa- 
cing is given in Figure 12.88. The fractal stacked patch antenna bandwidth is around 
9% for VSWR better than 3:1. The fractal stacked patch antenna radiation pattern at 
7.5 GHz is shown in Figure 12.89. The antenna beamwidth is around 85°, with 7.8dBi 
gain and 86.2% efficiency. 


12.12 CONCLUSIONS 

Metamaterial technology is used to develop small antennas with high efficiency. 
A new class of printed metamaterial antennas with high efficiency is presented in this 
chapter. The bandwidth of the antenna with SRR and metallic strips is around 50% for 
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FIGURE 12.87 Layout of the modified 7.4 GHz fractal stacked patch antenna. 



FIGURE 12.88 Computed S,, of the 7.4 GHz modified fractal antenna with 3 mm air 
spacing. 
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FIGURE 12.89 Modified fractal patch antenna radiation pattern with 3 mm air spacing at 
7.5 GHz. 


VSWR better than 2.3 : 1. Optimization of the number of the coupling stubs and the 
distance between the coupling stubs may be used to tune the antenna resonant fre- 
quency and number of resonant frequencies. The length of the antennas with SRR 
is smaller by 5% than the antennas without SRR. Moreover, the resonant frequency 
of the antennas with SRR is lower by 5-10% than the antennas without SRR. The gain 
and directivity of the patch antenna with SRR are higher by 2-3dB than the patch 
antenna without SRR. The resonant frequency of the antenna with SRR on human 
body is shifted by 3%. 

Several designs of fractal printed antennas has been presented for communication 
applications. These fractal antennas are compact and efficient. Space-filling technique 
and Hilbert curves were employed to design the fractal antennas. The antenna band- 
width is around 10% with VSWR better than 3:1. The antenna gain is around 8dBi 
with 90% efficiency. 
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WEARABLE COMMUNICATION AND 
MEDICAL SYSTEMS 


Personal communication and biomedical industry is in continuous growth in the last 
few years. Due to the huge progress in development of communication systems in the 
last decade, the development of low-cost wearable communication systems is not 
risky. However, development of compact efficient wearable antennas is one of the 
major challenges in development of wearable communication and medical systems. 
Low-profile compact antennas and transceivers are crucial in the development of 
wearable human communication and biomedical systems. Development of wearable 
antennas and compact transceivers for communication and biomedical systems will be 
described in this chapter. Design considerations, computational results, and measured 
results of wearable antennas and compact transceivers will be presented in this 
chapter. 


13.1 WEARABLE ANTENNAS FOR COMMUNICATION 
AND MEDICAL APPLICATIONS 

Development of wearable printed antennas for communication and biomedical sys- 
tems will be described in this section. Design considerations, computational results, 
and measured results on the human body of several compact wideband microstrip 
antennas with high efficiency at 434 MHz ± 5% are presented in this section. The pro- 
posed antenna may be used in communication and medicare RF systems. The anten- 
nas Si j results for different belt thickness, shirt thickness, and air spacing between the 
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antennas and human body are presented in this section. If the air spacing between the 
new dually polarized antenna and the human body is increased from 0 to 5 mm, the 
antenna resonant frequency is shifted by about 5%. 

13.1.1 Introduction 

Microstrip antennas are widely used in wearable communication system. Microstrip 
antennas posse’s attractive features that are crucial to wearable communication and 
medical systems. Microstrip antennas features are low profile, flexible, lightweight, 
and have low production cost. Microstrip antennas are widely presented in books 
and papers in the last decade [1-7]. However, the effect of human body on the elec- 
trical performance of wearable antennas at 434 MHz is not presented [8-13]. RF trans- 
mission properties of human tissues have been investigated in several articles [8, 9]. 
Several wearable antennas have been presented in the last decade [10-16]. A review 
of wearable and body-mounted antennas designed and developed for various applica- 
tions at different frequency bands over the last decade can be found in Ref. [10]. In 
Ref. [11] meander wearable antennas in close proximity of a human body are pre- 
sented in the frequency range between 800 and 2700 MHz. In Ref. [12] a textile 
antenna performance in the vicinity of the human body is presented at 2.4 GHz. In 
Ref. [13] the effect of human body on wearable 100 MHz portable radio antennas 
is studied. In Ref. [13] the authors concluded that wearable antennas need to be shorter 
by 15-25% from the antenna length in free space. Measurement of the antenna gain in 
Ref. [13] shows that a wide dipole (1 16 x 10 cm) has -13dBi gain. The antennas pre- 
sented in Refs. [10-13] were developed mostly for cellular applications. Require- 
ments and the frequency range for medical applications are different from those for 
cellular applications. 

In this section, a new class of wideband compact wearable microstrip antennas for 
medical applications is presented. Numerical results with and without the presence 
of the human body are discussed. The antennas VSWR is better than 2 : 1 at 
434 MHz ± 5%. The antenna beamwidth is around 100°. The antennas gain is around 
0-4dBi. 


13.2 DUALLY POLARIZED WEARABLE 434 MHz 
PRINTED ANTENNA 

Compact microstrip-loaded dipole antennas have been designed to provide horizontal 
polarization. The antenna dimensions have been optimized to operate on the human 
body by employing Agilent Advanced Design System (ADS) software [16]. The 
antenna consists of two layers. The first layer consists of RO3035 0.8 mm dielectric 
substrate. The second layer consists of RT/duroid 5880 0.8 mm dielectric substrate. 
The substrate thickness determines the antenna bandwidth. However, thinner anten- 
nas are flexible. Thicker antennas have been designed with wider bandwidth. The 
printed slot antenna provides a vertical polarization. In several medical systems, 
the required polarization may be vertical or horizontal. The proposed antenna is dually 
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polarized. The printed dipole and the slot antenna provide dual orthogonal polariza- 
tions. The dimensions and current distribution of the dual-polarized wearable antenna 
are presented in Figure 13.1. The antenna dimensions are 26x6x0. 16 cm. The 
antenna may be used as a wearable antenna on a human body. The antenna may 
be attached to the patient shirt, patient stomach, or in the back zone. The antenna 
has been analyzed by using Agilent ADS software. There is a good agreement 
between measured and computed results. The antenna bandwidth is around 10% 
for VS WR better than 2:1. The antenna beamwidth is around 1 00° . The antenna gain 
is around 2dBi. The computed Sn and S 2 2 parameters are presented in Figure 13.2. 
Figure 13.3 presents the antenna measured Sn parameters. The computed radiation 
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FIGURE 13.1 Current distribution of the wearable antenna. 
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FIGURE 13.2 Computed Sn and S 2 2 results on human body. 
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FIGURE 13.3 Measured 5j| on human body. 



FIGURE 13.4 Antenna radiation patterns. 



patterns are shown in Figure 13.4. The copolar radiation pattern belongs to the yz 
plane. The cross-polar radiation pattern belongs to the xz plane. The antenna cross- 
polarized field strength may be adjusted by varying the slot feed location. The dimen- 
sions and current distribution of the folded dually polarized antenna are presented in 
Figure 13.5. The antenna dimensions are 5.5 x4x0.16cm. Figure 13.6 presents the 
antenna computed 5j i and S 22 parameters. The computed radiation patterns of the 
folded dipole are shown in Figure 13.7. The antenna’s radiation characteristics on 
the human body have been measured by using a phantom. The phantom electrical 
characteristics represent the human body electrical characteristics. 


DUALLY POLARIZED WEARABLE 434 MHz PRINTED ANTENNA 


373 



Slot feed 

FIGURE 13.5 Current distribution of the folded dipole antenna, 7 x5 x0.16 cm. 



Frequency (MHz) 
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FIGURE 13.6 Folded antenna computed S u and S 2 2 results on human body. 


The phantom has a cylindrical shape with a 40 cm diameter and a length of 1.5 m. 
The phantom contains a mix of 55% water, 44% sugar, and 1% salt. The antenna under 
test was placed on the phantom during the measurements of the antennas radiation 
characteristics. Sn and .S’ 1 2 parameters were measured directly on human body by 
using a network analyzer. The measured results were compared to a known reference 
antenna. 
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FIGURE 13.8 Loop antenna with ground plane printed on 0.25 mm thick substrate. 


13.3 LOOP ANTENNA WITH GROUND PLANE 

A new loop antenna with ground plane has been designed on Kapton substrates with 
thickness of 0.25 and 0.4 mm. The antenna without ground plane is shown in 
Figure 13.8. The loop antenna VSWR without the tuning capacitor was 4 : 1. This 
loop antenna may be tuned by adding a capacitor or varactor as shown in 
Figure 13.9. Tuning the antenna allow us to work in a wider bandwidth. 
Figure 13.10 presents the loop antenna computed Sn on human body. There is good 
agreement between measured and computed S , 1 . The computed 3D radiation pattern 
is shown in Figure 13.11. 
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FIGURE 13.9 Tunable loop antenna without ground plane. 



i Frequency (MHz) 

FIGURE 13.10 Computed 5n of new loop antenna, presented in Figure 13.8. 


Table 13.1 compares the electrical performance of a loop antenna with ground 
plane with a loop antenna without ground plane. There is a good agreement between 
measured and computed results for several loop antennas electrical parameters on 
human body. The results presented in Table 13.1 indicate that the loop antenna with 
ground plane is matched to the human body environment, without the tuning capac- 
itor, better than the loop antenna without ground plane. 
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300 330 

FIGURE 13.11 Loop antenna with ground, 3D radiation pattern. 


TABLE 13.1 Electrical Performance of Several Loop Antenna Configurations 


Antenna with No Tuning Capacitor 

Beamwidth 3dB 

Gain (dBi) 

VSWR 

Loop with no GND 

100° 

0 

4:1 

Loop with tuning capacitor (no GND) 

100° 

0 

2:1 

Wearable Loop with GND 

100° 

0-2 

2:1 

Loop with GND in free space 

O 

O 

0 

1 

O 

o 

-3 

5:1 



FIGURE 13.12 Computed S n of a tuned loop antenna without ground plane. 


The computed 3D radiation pattern and the coordinate used in this chapter are 
shown in Figure 13.11. Computed Sn of the loop antenna with a tuning capacitor 
is given in Figure 13.12. Figure 13.13 presents the radiation pattern of loop antenna 
without ground on human body. Figure 13.14 presents a loop antenna with ground 


ANTENNA S„ VARIATION AS FUNCTION OF DISTANCE FROM BODY 


377 


Linear Polarization 
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FIGURE 13.14 Loop antenna with ground plane printed on 0.4 mm thick substrate. 


plane printed on 0.4 mm thick substrate. Figure 13.15 presents the loop antenna com- 
puted Sn on human body. Loop antennas printed on thicker substrate have wider 
bandwidth as presented in Figure 13.15. Figure 13.16 presents the loop antenna, 
printed on 0.4 mm thick substrate, radiation pattern. 


13.4 ANTENNA .S' M VARIATION AS FUNCTION OF DISTANCE 
FROM BODY 

The antennas input impedance variation as function of distance from the body had 
been computed by employing ADS software. The analyzed structure is presented 
in Figure 13.17a. The antenna was placed inside a belt with thickness between 1 
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FIGURE 13.15 Computed Sn of new loop antenna printed on 0.4 mm thick substrate. 
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Theta 

FIGURE 13.16 New loop antenna, printed on 0.4 mm thick substrate, radiation pattern. 


and 4 mm as shown in Figure 13.17b. The patient body thickness was varied from 
15 to 300 mm. The dielectric constant of the body was varied from 40 to 50. The 
antenna was placed inside a belt with thickness between 2 and 4 mm with dielectric 
constant from 2 to 4. The air layer between the belt and the patient shirt may vary from 
0 to 8 mm. The shirt thickness was varied from 0.5 to 1 mm. The dielectric constant of 
the shirt was varied from 2 to 4. Properties of human body tissues are listed in 
Table 13.2 see Ref. [8]. These properties were employed in the antenna design. 
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Air 0.0-5 mm 




FIGURE 13.17 (a) Analyzed structure model and (b) medical system on patient. 


TABLE 13.2 Properties of Human Body Tissues 


Tissue 

Property 

434 MHz 

800 MHz 

1000 MHz 

Prostate 

a 

0.75 

0.90 

1.02 


e 

50.53 

47.4 

46.65 

Stomach 

g 

0.67 

0.79 

0.97 


£ 

42.9 

40.40 

39.06 

Colon, Heart 

o 

0.98 

1.15 

1.28 


£ 

63.6 

60.74 

59.96 

Kidney 

o 

0.88 

0.88 

0.88 


£ 

117.43 

117.43 

117.43 

Nerve 

G 

0.49 

0.58 

0.63 


£ 

35.71 

33.68 

33.15 

Fat 

G 

0.045 

0.056 

0.06 


£ 

5.02 

4.58 

4.52 

Lung 

G 

0.27 

0.27 

0.27 


£ 

38.4 

38.4 

38.4 


Figure 13.18 presents Sn results (of the antenna shown in Fig. 13.1) for different belt 
thickness, shirt thickness, and air spacing between the antennas and human body. One 
may conclude from results shown in Figure 13.18 that the antenna has VSWR better 
than 2.5 : 1 for air spacing up to 8 mm between the antennas and patient body. For 
frequencies ranging from 415 to 445 MHz, the antenna has VSWR better than 2 : 1 
when there is no air spacing between the antenna and the patient body. Results shown 
in Figure 13.19 indicates that the folded antenna (the antenna shown in Fig. 13.5) has 
VSWR better than 2.0 : 1 for air spacing up to 5 mm between the antennas and patient 
body. Figure 13.19 presents Su results of the folded antenna results for different posi- 
tions relative to the human body. Explanation of Figure 13.19 is given in Table 13.3. If 
the air spacing between the sensors and the human body is increased from 0 to 5 mm, 





FIGURE 13.19 Folded antenna Sn results for different antenna positions relative to the 
human body. 


TABLE 13.3 Explanation of Figure 13.19 


Picture 

Line Type 

Sensor Position 

1 

Dot 

Shirt thickness 0.5 mm 

2 

Line 

Shirt thickness 1 mm 

3 

Dash dot 

Air spacing 2 mm 

4 

Dash 

Air spacing 4 mm 

5 

Long dash 

Air spacing 1 mm 

6 

Big dots 

Air spacing 5 mm 
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TABLE 13.4 Explanation of Figure 13.20 


Plot Colure 

Sensor Position 

Red 

Body 15 mm air spacing 0 mm 

Blue 

Air spacing 5 mm Body 15 mm 

Pink 

Body 40 mm air spacing 0 mm 

Green 

Body 30 mm air spacing 0 mm 

Sky 

Body 15 mm air spacing 2 mm 

Purple 

Body 15 mm air spacing 4 mm 


the antenna resonant frequency is shifted by 5%. The loop antenna with ground plane 
has VSWR better than 2.0 : 1 for air spacing up to 5 mm between the antennas and 
patient body. 

If the air spacing between the sensors and the human body is increased from 0 to 5 
mm, the computed antenna resonant frequency is shifted by 2%. However, if the air 
spacing between the sensors and the human body is increased up to 5 mm, the meas- 
ured loop antenna resonant frequency is shifted by 5%. Explanation of Figure 13.20 is 
given in Table 13.4. 


13.5 WEARABLE ANTENNAS 

An application of the proposed antenna is shown in Figure 13.21. Three to four folded 
dipole or loop antennas may be assembled in a belt and attached to the patient stom- 
ach. The cable from each antenna is connected to a recorder. The received signal is 
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FIGURE 13.22 Printed patch antenna locations for various medical applications. 

routed to a switching matrix. The signal with the highest level is selected during the 
medical test. The antennas receive a signal that is transmitted from various positions in 
the human body. Folded antennas may be also attached on the patient back in order to 
improve the level of the received signal from different locations in the human body. 
Figures 13.22 and 13.23 show various antenna locations on the back and front of the 
human body for different medical applications. 
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(b) 



FIGURE 13.23 (a) Microstrip antennas for medical applications and (b) backside of the 

antennas. 
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In several applications the distance separating the transmitting and receiving 
antennas is less than 2D 1 /X. D is the largest dimension of the radiator. In these appli- 
cations the amplitude of the electromagnetic field close to the antenna may be quite 
powerful, but because of rapid falloff with distance, the antenna do not radiate 
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FIGURE 13.24 Microstrip antennas for medical applications. 
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energy to infinite distances but instead the radiated power remain trapped in the region 
near to the antenna. Thus, the near fields only transfer energy to close distances from 
the receivers. The receiving and transmitting antennas are magnetically coupled. 
Change in current flow through one wire induces a voltage across the ends of the other 
wire through electromagnetic induction. The amount of inductive coupling between 
two conductors is measured by their mutual inductance. In these applications we have 
to refer to the near field and not to the far-field radiation. 

In Figures 13.23 and 13.24, several microstrip antennas for medical applications at 
434 MHz are shown. The backside of the antennas is presented in Figure 13.23b. The 
diameter of the loop antenna presented in Figure 13.24 is 50 mm. The dimensions of 
the folded dipole antenna are 7x6x0.16 cm. The dimensions of the compact folded 
dipole presented in Figure 13.24 are 5 x 5 x 0.5 cm. 


13.6 COMPACT DUAL-POLARIZED PRINTED ANTENNA 

New compact microstrip-loaded dipole antennas have been designed. The antenna 
consists of two layers. The first layer consists of FR4 0.25 mm dielectric substrate. 
The second layer consists of Kapton 0.25 mm dielectric substrate. The substrate 
thickness determines the antenna bandwidth. However, with thinner substrate we 
may achieve better flexibility. The proposed antenna is dual polarized. The printed 
dipole and the slot antenna provide dual orthogonal polarizations. The dual- 
polarized antenna is shown in Figure 13.25. The antenna dimensions are 5 x 5 x 
0.05 cm. 

The antenna may be attached to the patient shirt in the patient stomach or back 
zone. The antenna has been analyzed by using Agilent ADS software. There is a good 
agreement between measured and computed results. The antenna bandwidth is around 
10% for VSWR better than 2:1. The antenna beamwidth is around 100°. The antenna 
gain is around OdBi. The computed Sn parameters are presented in Figure 13.26. 
Figure 13.27 presents the antenna measured 5n parameters. The antenna cross- 
polarized field strength may be adjusted by varying the slot feed location. The com- 
puted 3D radiation pattern of the antenna is shown in Figure 13.28. The computed 
radiation pattern is shown in Figure 13.29. 


13.7 COMPACT WEARABLE RFID ANTENNAS 

Radio Frequency Identification (RFID) is an electronic method of exchanging data 
over radio frequency waves. There are three major components in RFID system: tran- 
sponder (tag), antenna, and a controller. The RFID tag, antenna, and controller may be 
assembled on the same board. Microstrip antennas are widely presented in books and 
papers in the last decade [1-7]. However, compact wearable printed antennas are not 
widely used at 13.5 MHz R1FD systems. HF tags work best at close range but are more 
effective at penetrating nonmetal objects especially objects with high water content. 
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FIGURE 13.25 Printed compact dual-polarized antenna. 



Frequency (MHz) 

FIGURE 13.26 Computed Sn results of compact antenna. 


A new class of wideband compact printed and microstrip antennas for RFID applica- 
tions is presented in this chapter. RF transmission properties of human tissues have 
been investigated in several papers [8, 9]. The effect of human body on the antenna 
performance is investigated in this chapter. The proposed antennas may be used as 
wearable antennas on persons or animals. The proposed antennas may be attached 
to cars, trucks, containers, and other various objects. 
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FIGURE 13.27 Measured Sn on human body. 
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FIGURE 13.29 Antenna radiation pattern. 
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13.7.1 Dual-Polarized 13.5 MHz Compact Printed Antenna 

One of the most critical elements of any RFID system is the electrical performance of 
its antenna. The antenna is the main component for transferring energy from the trans- 
mitter to the passive RFID tags, receiving the transponder’s replying signal and avoid- 
ing in-band interference from electrical noise and other nearby RFID components. 
Low-profile compact printed antennas are crucial in the development of RIFD 
systems. 

New compact microstrip-loaded dipole antennas have been designed at 13.5 MHz 
to provide horizontal polarization. The antenna consists of two layers. The first layer 
consists of FR4 0.8 mm dielectric substrate. The second layer consists of Kapton 0.8 
mm dielectric substrate. The substrate thickness determines the antenna bandwidth. 
A printed slot antenna provides a vertical polarization. The proposed antenna is dual 
polarized. The printed dipole and the slot antenna provide dual orthogonal polariza- 
tions. The dual-polarized RFID antenna is shown in Figure 13.30. The antenna dimen- 
sions are 6.4 x 6.4 x 0. 16 cm. The antenna may be attached to the customer shirt in the 
customer stomach or back zone. The antenna has been analyzed by using Agilent ADS 
software. 

The antenna .S ' 1 1 parameter is better than -21dB at 13.5 MHz. The antenna gain is 
around -lOdBi. The antenna beamwidth is around 160°. The computed Sn para- 
meters are presented in Figure 13.31. There is a good agreement between measured 
and computed results. The antenna cross- polarized field strength may be adjusted by 
varying the slot feed location. The computed radiation pattern is shown in 
Figure 13.32. 


RFID System 


Slot 



FIGURE 13.30 Printed compact dual-polarized antenna, 64 x 64 x 1.6 mm. 
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Linear Polarization 

E co E cross 



13.7.2 Varying the Antenna Feed Network 

Several designs with different feed networks have been developed. A compact 
antenna with different feed networks is shown in Figure 13.33. The antenna dimen- 
sions are 8.4x6.4x0.16 cm. Figure 13.34 presents the antenna computed S , 1 on 
human body. There is a good agreement between measured and computed 
results. The computed radiation pattern is shown in Figure 13.35. Table 13.5 com- 
pares the electrical performance of a loop antenna with the compact dual-polarized 
antenna. 
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FIGURE 13.33 RFID printed antenna, 8.4 x 6.4 x 0. 16 cm. 
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FIGURE 13.34 RFID antenna computed Su and S 22 results. 


13.7.3 RFID Wearable Loop Antennas 

Several RFID loop antennas are presented in Ref. [15]. The disadvantages of loop 
antennas with number of turns are low efficiency and narrow bandwidth. The real part 
of the loop antenna impedance approaches 0.5 Q. The image part of the loop antenna 
impedance may be represented as high inductance. A matching network may be used 
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Linear Polarization 

E co E cross 



Theta 


FIGURE 13.35 Compact antenna, 8.4x6.4x0.16 cm, radiation pattern. 


TABLE 13.5 Comparison of Loop Antenna and Microstrip Antenna Parameters 


Antenna 

Beamwidth 3dB 

Gain (dBi) 

VSWR 

Loop antenna 

140° 

-25 

2:1 

Microstrip antenna 

OA 

O 

o 

-10 

1.2: 1 


to match the antenna to 50 Q. The matching network consists of an RLC matching 
network. This matching network has narrow bandwidth. The loop antenna efficiency 
is lower than 1%. 

A square four-turn loop antenna has been designed at 13.5 MHz by using Agilent 
ADS software. The antenna is printed on a FR4 substrate. The antenna dimensions are 
32x52.4x0.25 mm. The antenna layout is shown in Figure 13.36a. The antenna 
photo is shown in Figure 13.36b. An results of the printed loop antenna are shown 
in Figure 13.37. The antenna An parameter is better than -9.5dB without an external 
matching network. The computed radiation pattern is shown in Figure 13.38. The 
computed radiation pattern takes into account an infinite ground plane. 

The microstrip antenna input impedance variation as function of distance from the 
body has been computed by employing ADS software. The analyzed structure is pre- 
sented in Figure 13.17. Properties of human body tissues are listed in Table 13.2 (see 
Ref. [8]). These properties were used in the antenna design. An parameters for differ- 
ent human body thicknesses have been computed. We may note that the differences in 
the results for body thickness of 15-100 mm are negligible. An parameters for differ- 
ent positions relative to the human body have been computed. If the air spacing 
between the antenna and the human body is increased from 0 to 10 mm, the antenna 
An parameters may change by less than 1%. The VSWR is better than 1.5 : 1. 


Magnitude (dB) 



FIGURE 13.36 A square four-turn loop antenna, (a) Layout and (b) photo. 


Sit 



FIGURE 13.37 Loop antenna computed Sn results. 
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FIGURE 13.38 Loop antenna radiation patterns for an infinite ground plane. 
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13.7.4 Proposed Antenna Applications 

An application of the proposed antenna is shown in Figure 13.39. The RFID antennas 
may be assembled in a belt and attached to the customer stomach. The antennas may 
be employed as transmitting or as receiving antennas. The antennas may receive or 
transmit information to medical systems. 

In RFID systems the distance between the transmitting and receiving antennas is 
less than 2 D 2 /A, where D is the largest dimension of the antenna. The receiving and 
transmitting antennas are magnetically coupled. In these applications we refer to the 
near field and not to the far-field radiation pattern. 

Figures 13.40 and 13.41 present compact printed antenna for RFID applications. 
The presented antennas may be assembled in a belt and attached to the patient stomach 
or back. 



FIGURE 13.39 Wearable RFID antenna. 



FIGURE 13.40 New microstrip antenna for RFID applications. 
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FIGURE 13.41 Loop antenna for RFID applications. 


Connector 16 pins Antennas 



13.8 434 MHz RECEIVING CHANNEL FOR COMMUNICATION 
AND MEDICAL SYSTEMS 

A medical system may be implanted or inserted to the human body as swallowed cap- 
sule. The medical device will transmit medical data to a recorder. The medical data 
may be analyzed by the medical stuff online or stored as medical data about the 
patient. The receiving channel is part of the recorder and consists of receiving wear- 
able antennas, RF head, and a signal processing unit. A block diagram of the receiver 
is shown in Figure 13.42. 
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Receiving channel main specifications: 


Requirement Specification 


Frequency range up link 
Return loss (dB) 

Group delay 
Input power 
SNR 

Current consumption (mA) 
Dimensions (cm) 

Frequency range down link 
Received power down link 
Current consumption (mA) 


430-440 MHz 
-9 

Max. 50 ns for 12 MHz BW 
-30 to -60dBm 
>20dB 
50 

12x12x5 
13.56 MHz 
-8dBm± ldB 
100-110 


A block diagram of the receiving channel is shown in Figure 13.43. The receiving 
channel consists of an uplink channel at 434 MHz and a downlink at 13.56 MHz. 

The uplink channel consists of a switching matrix, low-noise amplifier (LNA), and 
filter. The switching matrix losses are around 2dB . The LNA noise figure is around 
ldB with 21dB gain. The downlink channel consists of a transmitting antenna, 
antenna matching network, and differential amplifier. The downlink channel transmits 
commands to the medical system. The receiving channel gain and noise figure budget 
is shown in Figure 13.44. The receiving channel noise figure is around 3.5dB. 
A receiving channel with lower noise figure values is shown in Figure 13.45. The 
LNA is connected to the receiving antenna. 

Receiving channel gain and noise figure budget is shown in Figure 13.46. The 
receiving channel noise figure is around 3.5dB. 

Four folded dipole or loop antennas may be assembled in a belt and attached to the 
patient stomach as shown in Figure 13.47a and b. The cable from each antenna is con- 
nected to a recorder. The received signal is routed to a switching matrix. The signal 
with the highest level is selected during the medical test. The antennas receive a signal 
that is transmitted from various positions in the human body. Wearable antennas may 
be also attached on the patient back in order to improve the level of the received signal 
from different locations in the human body. 


13.9 CONCLUSIONS 

Development of wearable antennas and compact transceiver for communication and 
biomedical systems is presented in this chapter. This chapter presents wideband 
microstrip antennas with high efficiency for medical applications. The antenna dimen- 
sions may vary from 26 x 6 x 0. 1 6 cm to 5 x 5 x 0.05 cm according to the medical sys- 
tem specification. The antennas bandwidth is around 10% for VSWR better than 2:1. 
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13.56 MHz down link unit 



BIT Tx 

FIGURE 13.43 Receiving channel block diagram. 


The antenna beamwidth is around 100°. The antennas gain varies from 0 to 4dBi. The 
antenna 5n results for different belt thickness, shirt thickness, and air spacing between 
the antennas and human body are presented in this chapter. If the air spacing between 
the new dual-polarized antenna and the human body is increased from 0 to 5 mm, the 
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System 1 


SP4T SP4T LNA Attenuator Filter LNA 



Total 


Gain (dB) 

-1.10 

-1.10 

21.00 

-0.50 

-0.80 

21.00 

38.50 

NF(dB) 

1.10 

1.10 

1.10 

0.50 

0.80 

1.50 

3.32 

OPldB (dBm) 

20.00 

20.00 

17.00 

20.00 


17.00 

17.00 


Input pwr (dBm) -60.00 System temp (K) 290.00 


FIGURE 13.44 Receiving channel gain and noise figure budget. 



FIGURE 13.45 Receiving channel block diagram with LNA connected to the antennas. 
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1.00 
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17.00 
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FIGURE 13.46 Receiving channel with LNA connected to the antennas, gain and noise 
figure budget. 
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FIGURE 13.47 (a) Wearable medical system and (b) medical system on patient. 


antenna resonant frequency is shifted by 5%. However, if the air spacing between the 
helix antenna and the human body is increased only from 0 to 2 mm, the antenna res- 
onant frequency is shifted by 5%. The effect of the antenna location on the human 
body should be considered in the antenna design process. The proposed antenna 
may be used in Medicare RF systems. 

A wideband tunable microstrip antennas with high efficiency for medical applica- 
tions has been presented in this chapter. The antenna dimensions may vary from 
26x6x0.16 cm to 5x5x0.05 cm according to the medical system specification. 
The antennas bandwidth is around 10% for VSWR better than 2:1. The antenna 
beamwidth is around 100°. The antennas gain varies from 0 to 2dBi. If the air spacing 
between the dual-polarized antenna and the human body is increased from 0 to 5 mm, 
the antenna resonant frequency is shifted by 5%. A varactor is employed to compen- 
sate variations in the antenna resonant frequency at different locations on the 
human body. 

This chapter presents also wideband compact printed antennas, microstrip, and 
loop antennas for RFID applications. The antenna beamwidth is around 160°. The 
antenna gain is around -lOdBi. The proposed antennas may be used as wearable 
antennas on persons or animals. The proposed antennas may be attached to cars, 
trucks, and other various objects. If the air spacing between the antenna and the human 
body is increased from 0 to 10 mm, the antenna 5ji parameters may change by less 
than 1%. The antenna VSWR is better than 1.5 : 1 for all tested environments. 
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14.1 INTRODUCTION 

This chapter describes electromagnetics, microwave engineering and antenna mea- 
surements. Basic RF measurement theory is presented in Sections 14.2 and 14.3. 

5-parameters measurements are the first stage in electromagnetics, microwave 
engineering, and antenna measurements. Setups for microwave engineering measure- 
ments will be presented in this chapter. Maximum input and output measurements of 
communication system are also presented in this chapter. Intermodulation measure- 
ments, IP 2 and IP 3 , are discussed in this chapter. 

Antenna measurements will discussed in this chapter. It is more convenient to meas- 
ure antennas in the receiving mode. If the measured antenna is reciprocal, the antenna 
radiation characteristics are identical for the receiving and transmitting modes. Active 
antennas are not reciprocal. Radiation characteristics of antennas are usually measured 
in the far field. Far-Held antenna measurements suffer from some disadvantages. A long 
free-space area is needed. Reflection from the ground from walls affect measured results 
and add errors to measured results. It is difficult and almost impossible to measure the 
antenna on the antenna operating environment, such as airplane or satellite. Antenna 
measurement facilities are expensive. Some of these drawbacks may be solved by 
near-field and indoor measurements. Near- field measurements are presented in Ref. [1 ]. 
Small communication companies do not own antenna measurement facilities. However, 
there are several companies around the world that provides antenna measurement ser- 
vices, near-field and far-field measurements. One day near-field measurements may 
cost around US$5000 and far-field measurements may cost around US$2000. 


Wideband RF Technologies and Antennas in Microwave Frequencies , First Edition. Dr. Albert Sabban. 
©2016 John Wiley & Sons, Inc. Published 2016 by John Wiley & Sons, Inc. 
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14.2 MULTIPORT NETWORKS WITH /V-PORTS 


Antenna systems and communication systems may be represented as multiport net- 
works with /V-ports as shown in Figure 14.1. We may assume that only one mode 
propagate in each port. The electromagnetic fields in each port represents incident 
and reflected waves. The electromagnetic fields may be represented by equivalent vol- 
tages and currents as given in Equations 14.1 and 14.2 (see Refs. [1-5]): 


v„~=z n i- 

K =ZnI n + 
j- = Y v~ 

L n 1 n y n 

r+ = y v + 

*n I n y n 

The voltages and currents in each port are given in Equation 14.3: 


(14.1) 


(14.2) 


Vn = v;+v- 

The relations between the voltages and currents may be represented by the Z matrix 
as given in Equation 14.4. The relations between the currents and voltages may be 
represented by the Y matrix as given in Equation 14.5. The Y matrix is the inverse 
of the Z matrix: 
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-Z n 

Z n ■ 
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FIGURE 14.1 Multiport networks with A'-ports. 
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Yn i Yni ■■■ Ynn. 
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(14.5) 


14.3 SCATTERING MATRIX 


We cannot measure voltages and currents in microwave networks. However, we can 
measure power, VSWR, and the location of the minimum field strength. We can cal- 
culate the reflection coefficient from these data. The scattering matrix is a mathemat- 
ical presentation that describes how electromagnetic energy propagates through a 
multiport network. The 5-matrix allows us to accurately describe the properties of 
complicated networks, ^-parameters are defined for a given frequency and system 
impedance and vary as a function of frequency for any nonideal network. The scat- 
tering .S'-matrix describes the relation between the forward and reflected waves as writ- 
ten in Equation 14.6. ^-parameters describe the response of an A'- port network to 
voltage signals at each port. The first number in the subscript refers to the responding 
port, while the second number refers to the incident port. Thus 5 2 i means the response 
at port 2 due to a signal at port 1 : 


[E-] = 

■vr- 

v 2 ~ 

= 

Sn 5i2 • 

S 2 \ 522 ■ 

• S\n' 

■ S 2 N 


-v, + - 

V2 + 


V 2 \ 


-SnI Sn 2 • 

• Snn. 


.v 2 + . 


=mv + ] 


(14.6) 


The S„„ elements represent reflection coefficients. The S nm elements represent 
transmission coefficients as written in Equation 14.7, where a t represents the forward 
voltage in the i port: 


V~ 

Srtn — y + | — 0 1 n 


V~ 

Slim = y + \^i — ^ I 7^ m 


(14.7) 


By normalizing the 5-matrix, we can represent the forward and reflected vol- 
tages as written in Equation 14.8. 5-parameters depend on the frequency and are 
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given as function of frequency. In a reciprocal microwave network, S mn =S mn 
and [5]' = [S']: 


i=i + -r = v + -v~ 
v=v + + y~ 


v + = \(v+i ) 

v-=\(y-o 


(14.8) 


The relation between Z- and 5- matrix is derived by using Equations 14.8 and 14.9 
and is given in Equation 14.10 and 14.11: 


i n =i:-i- = v;-v- 

Vn = v; + v n ~ 


(14.9) 


[V] = [V + ] + [V-] = [Z}[I] = {Z][V + ]-[Z][V-] 

([Z] + [U])[V-] = ([Z]-[U))[V + ] 

[v-]=m+mr\[z]-[u})[v + ] ( 14 . 10 ) 

[y-] = [5][y + ] 

[S} = ([Z} + [U]r\[Z]-[U]) 

[v + }=\m+[i])=\([z]+[umi] 

[v-]=\([v]-[i])=\m-mm 

1 , " (14.11) 

2 {i] = ([z} + [u})- l [v + ) 

[y-}=m-[u])([z]+[u]r i [v + ] 

[5] = ([Z]-[[/])([Z] + [!/])-' 

A network analyzer is employed to measure 5-parameters, as shown in Figure 14.2(a). 
A network analyzer may have 2-16 ports. 


14.4 5-PARAMETERS MEASUREMENTS 

Antenna 5-parameters measurement is usually a one-port measurement. First we cal- 
ibrate the network analyzer to the desired frequency range. One port, 5ip, calibration 
process consists of three steps: 
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5-parameters 



FIGURE 14.3 Two-port 5-parameter measurements. 


1 . Short calibration 

2. Open calibration 

3. Load calibration 

Connect the antenna to the network analyzer and measure 5| \ parameter. Save and 
plot 5 1 1 results. Antenna 5-parameters measured result is shown in Figure 14.2. 
A setup for 5-parameters measurement is shown in Figure 14.3. Two-port 5-parameter 
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measurement setup is shown in Figure 14.3. Two-port, Sop, calibration process con- 
sists of four steps: 

1 . Short calibration 

2. Open calibration 

3. Load calibration 

4. Through calibration 

Measure .S’-parameters Sn, S 22 , S 12 , and So 1 for N channels. RF head gain is 
given by S 21 parameter. Gain flatness and phase balance between channels can be 
measured by comparing S 21 magnitude and phase measured values. RF head gain 
and flatness measurement setup is presented in Figure 14.4(a). A two-port network 
analyzer is shown in Figure 14.4(b). Table 14.1 presents a typical table of measured 
.S'-parameter results. .S'-paramcters in decibel may be calculated by using 
Equation 14.12: 


.Sy(dB) = 20 log [Sij (magnitude)] (14.12) 


(a) 

Gain and Flatness Measurements 




FIGURE 14.4 (a) RF head gain and flatness measurements and (b) network analyzer. 
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TABLE 14.1 S-Parameter Results 


Channel 

Su(EIT) dB 

S 22 (E/T) dB 

S 12 (E/T) dB 

S 21 (E/T) dB 

1 

-10 

-10 

-20 

30 

2 

-10.5 

-11 

-21 

29 

3 

-11 

-10 

-20 

29 

77—1 

-10 

-9 

-20 

29 

n 

-9 

-10 

-19 

30 


14.4.1 Types of S-parameters Measurements 

Small-signal S-parameters measurements — In small-signal S-parameter mea- 
surements, the signals have only linear effects on the network so that gain com- 
pression does not take place. Passive networks are linear at any power level. 

Large-signal S-parameters measurements — S-parameters are measured for 
different power levels. The S-matrix will vary with input signal strength. 


14.5 TRANSMISSION MEASUREMENTS 


A block diagram of transmission measurement setup is shown in Figure 14.5(a). The 
transmission measurement setup consists of a sweep generator, device under test 
(DUT), transmitting and receiving antennas, and spectrum analyzer. Measured trans- 
mission results by using a spectrum analyzer are shown in Figure 14.5(b). 

The received power may be calculated by using Friis equation as given in 
Equations 14.13 and 14.14. The receiving antenna may be a standard gain antenna 
with a known gain. Where r represents the distance between the antennas. 


Pr = PtG T Gk{^) 

For: G t = G r = G 


G = 


JFr ( 4 7ir\ 

\p^\T ) 


Pr=PtGjGr 



For : Gj ^ Gr 

GrPt v A ) 


(14.13) 


(14.14) 


Transmission measurements results may be summarized as in Table 14.2. 
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(a) 


Transmitting channel measurements 





Antennas 


Swept CW 


DUT 

/ \ 

Spectrum 

generator 



\ / 

analyzer 


V J 

U 


Power supply and 
control 


(b) 



FIGURE 14.5 (a) Transmission measurement setup and (b) measured transmission results. 


TABLE 14.2 Transmission Measurements Results 


Transmission Results for Antennas Under Test (AUT) dBm 


Antenna 

F, (MHz) 

F\ (MHz) 

F| (MHz) 

Remarks 

1 

10 

9 

8 


2 

9 

8 

7 


3 

9.5 

8.5 

7.5 


4 

10 

9 

8 


5 

9 

8 

7 


6 

10.5 

9.5 

8.5 


7 

9 

8 

7 


8 

11 

10 

9 
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14.6 OUTPUT POWER AND LINEARITY MEASUREMENTS 

A block diagram of output power and linearity measurement setup is shown in 
Figure 14.6. The output power and linearity measurement setup consists of a sweep 
generator, DUT, and a spectrum analyzer or power meter. In output power and line- 
arity measurements, we increase the synthesizer power in ldB steps and measure the 
output power level and linearity. 


14.7 POWER INPUT PROTECTION MEASUREMENT 

A block diagram of power input protection measurement setup is shown in 
Figure 14.7. The output power and linearity measurement setup consists of a sweep 
generator, power amplifier, DUT, attenuator, and a spectrum analyzer or power meter. 
In power input protection measurements, we increase the synthesizer power to ldB 
steps from OdBm and measure the output power level and observe that the DUT func- 
tions with no damage. 


Output power range and linearity 



FIGURE 14.6 Output power and linearity measurement setup. 


Power input protection 



FIGURE 14.7 Power input protection measurement. 
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(a) 

Non harmonic spurious measurements 



Power supply 
and control 


(b) 



FIGURE 14.8 (a) Nonharmonic spurious measurements and (b) spectrum analyzer. 

14.8 NONHARMONIC SPURIOUS MEASUREMENTS 

A block diagram of nonharmonic spurious measurement setup is shown in Figure (a). 
A spectrum analyzer is shown in Figure 14.8(b). 

The nonharmonic spurious measurement setup consists of a sweep generator, 
DUT, and a spectrum analyzer. In nonharmonic spurious measurements, we increase 
the synthesizer power in ldB steps, up to ldBc point, and measure the spurious level. 


14.9 SWITCHING TIME MEASUREMENTS 

A block diagram of switching time measurement setup is shown in Figure 14.9. The 
switching time measurement setup consists of a sweep generator, DUT, detector, pulse 
generator, and oscilloscope. In switching time measurements, we transmit an RF signal 
through the DUT. We inject a pulse via the switch control port. The pulse envelope may be 
observed on the oscilloscope. Switching time may be measured by using the oscilloscope. 


14.10 IP 2 MEASUREMENTS 

The setup for IP 2 and 1P 3 measurements is shown in Figure 14.10. Second-order inter- 
modulation results are shown in Figure 14.11. IP 2 may be computed by 
Equation 14.15: 
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^2, mm —Pout [dBm] "h ^ (IB (14.15) 

Second-order intermodulation results are shown in Figure 14.11. 

Third-order intermodulation results are shown in Figure 14.12. 1P 3 may be com- 
puted by Equation 14.16: 

lP3 |JBm] = Pout [dBm] (14.16) 


Switching time 



FIGURE 14.9 Switching time measurement setup. 



Attenuator 


FIGURE 14.10 Setup for IP 2 and IP 3 measurements. 



FIGURE 14.11 Second-order intennodulation results. 
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P<>LlL 



FIGURE 14.12 Third-order intermodulation results. 



FIGURE 14.13 Two-tone measurements. 


14.11 IP 3 MEASUREMENTS 


A block diagram of output IP 3 measurement setup is shown in Figure 14.13. IP 3 setup 
consists of two sweep generators, DUT, and a spectrum analyzer. In IP 3 test we inject 
two signals to the DUT and measure the intermodulation signals. Test results listed in 
Table 14.3 present IP 3 measurements of a receiving channel. Input- and output- 
measured IP 3 may be calculated by using Equations 14.16-14.18: 


m „ , {{PFX+P F 2)/2)-P mi 

^3 out = In + ~ 


(14.17) 


IP3, 


(Pfi+Pfi) (((P F i+PF2)/2)-P m ) ({Pfi+Pfi) 


(14.18) 


For example, the first signal is at 20 GHz with a power level of lOdBm. The second 
signal is at 20.001 GHz with a power level of lOdBm. The first intermodulation signal 
is at 19.999 GHz with a power level of-10.8dBm. The second intermodulation signal 
is at 20.001 GHz with a power level of -13.8dBm. The power level of IP 3 output is 
20.4dBm. The power level of IP 3 at the input is -5.1 dBm. 
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14.12 NOISE FIGURE MEASUREMENTS 


A block diagram of noise figure measurement setup is shown in Figure 14.14. The 
noise figure measurement setup consists of a noise source, DUT, amplifier, and a 
spectrum analyzer. The noise level is measured without the DUT as a calibration level. 
We measure the difference, delta (A) value, in the noise figure when the noise source 
is on to the measured noise figure when the noise source is off: 


NF = 


101og(l0 01 * ENR ) 

(IqO.ua) _ i 


(14.19) 


where ENR is listed on the noise source for a given frequency. Delta, A, is the dif- 
ference in the noise figure measurement when the noise source is on to the noise figure 
measurement when the noise source is off. Measured NF is calculated by using 
Equation 14.19. Noise Figure measurements are listed in Table 14.4. 


14.13 ANTENNA MEASUREMENTS 

Typical parameters of antennas are radiation pattern, gain, directivity, beamwidth, 
polarization, and impedance. During antenna measurements we ensure that the 
antenna meets the required specifications, and we can characterize the antenna 
parameters. 


Noise figure 



FIGURE 14.14 Noise figure measurement setup. 


TABLE 14.4 Noise Figure Measurements 


Parameter 

Measurement 1 

Measurement 2 

Measurement 3 

ENR 

23.62 

23.62 

24 

Delta (dB) 

14 

15 

14 

NF (dB) 

9.777 

8.740 

10.159 
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14.13.1 Radiation Pattern Measurements 

A radiation pattern is the antenna radiated field as function of the direction in space. 
The radiated field is measured at various angles at a constant distance from the 
antenna. The radiation pattern of an antenna can be defined as the locus of all points 
where the emitted power per unit surface is the same. The radiated power per unit 
surface is proportional to the square of the electric field of the electromagnetic wave. 
The radiation pattern is the locus of points with the same electrical field strength. Usu- 
ally the antenna radiation pattern is measured in a far-field antenna range. The antenna 
under test is placed in the far-field distance from the transmitting antenna. Due to the 
size required to create a far-field range for large antennas, near-field techniques are 
employed. Near-field techniques allow to measure the fields on a surface close to 
the antenna (usually 3-10 wavelength). Near field is transferred to far field by using 
Fourier transform. 

The far-field distance or Fraunhofer distance, R, is given in Equation 14.20: 



where D is the maximum antenna dimension and 2 is the antenna wavelength. 

The radiation pattern graphs can be drawn using Cartesian (rectangular) coordi- 
nates as shown in Figure 14.15, see Refs. [1-5]. A polar plot is shown in 
Figure 14.16. The polar plot is useful to measure the beamwidth, which is the angle 
at the -3dB points around the maximum gain. A 3D radiation pattern is shown in 
Figure 14.17. 

Main beam — Main beam is the region around the direction of maximum radiation, 
usually the region that is within 3dB of the peak of the main lobe. 


E co E cross 



FIGURE 14.15 Radiation pattern of loop antenna with ground plane rectangular plot. 
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Efficiency (%) 


Gain 


Directivity 



Theta (-90.000 to 90.000) 

FIGURE 14.16 Grounded quarter wavelength patch antenna polar radiation pattern. 



FIGURE 14.17 Loop antenna 3D radiation pattern. 


Beamwidth — Beamwidth is the angular range of the antenna pattern in which at 
least half of the maximum power is emitted. This angular range, of the major 
lobe, is defined as the points at which the field strength falls around 3dB regard- 
ing to the maximum field strength. 
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Side lobes level — Side lobes are smaller beams that are away from the main beam. 
Side lobes present radiation in undesired directions. The side lobe level is a 
parameter used to characterize the antenna radiation pattern. It is the maximum 
value of the side lobes away from the main beam and is expressed usually in 
decibels. 

Radiated power — Total radiated power when the antenna is excited by a current 
or voltage of known intensity. 


14.13.2 Directivity and Antenna Effective Area 

Antenna directivity is the ratio between the amounts of energy propagating in a certain 
direction compared to the average energy radiated to all directions over a sphere as 
given in Equation 14.21, see Refs. [1—4]: 


D P(0,4 >) maximal ^ P(0,tp ) maximal 
P(8,tp) average Prad 


(14.21) 


where 

An 


1 P I"ci(l 

P(0,(j)) average= -P(6,<p)sin6d8d(p = — — 

approximation used to calculate antenna directivity is given in Equation 14.22: 


D 


4 n 

8E x OH 


6E - Measured beamwidth in radian in EL plane 


6 H - Measured beamwidth in AZ plane 


(14.22) 


Measured beamwidth in radian in AZ plane and in EL plane allows us to calculate 
antenna directivity. 


Antenna effective area (A eff ) — The antenna area which contributes to the antenna 
directivity is given in Equation 14.23: 


DA 2 A 2 

^4n ~ OE x 6H 


(14.23) 


14.13.3 Radiation Efficiency (a) 

Radiation efficiency is the ratio of power radiated to the total input power, a=G/D. 
The efficiency of an antenna takes into account losses and is equal to the total radiated 
power divided by the radiated power of an ideal lossless antenna. Efficiency is equal to 
the radiation resistance divided by total resistance (real part) of the feed-point imped- 
ance. Efficiency is defined as the ratio of the power that is radiated to the total power 



418 


RF MEASUREMENTS 


used by the antenna as given in Equation 14.24. Total power equals to power radiated 
plus power loss: 


a = 


P r 

Pr+P\ 


(14.24) 


E and //plane 3D radiation pattern of a wire loop antenna in free space is shown in 
Figure 14.18. 


14.13.4 Typical Antenna Radiation Pattern 

A typical antenna radiation pattern is shown in Figure 14.19. The antenna main beam 
is measured between the points that the maximum relative field intensity E decays to 
0.707E. Half of the radiated power is concentrated in the antenna main beam. The 
antenna main beam is called 3dB beamwidth. Radiation to undesired direction is 
concentrated in the antenna side lobes. 



FIGURE 14.18 E and H plane radiation pattern of loop antenna in free space. 



FIGURE 14.19 Antenna typical radiation pattern. 
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FIGURE 14.20 Antenna range for radiation pattern measurements. 

Antenna radiation pattern is usually measured in free-space ranges. An elevated free- 
space range is shown in Figure 14.20. An anechoic chamber is shown in Figure 14.21 . 

14.13.5 Gain Measurements 

Antenna Gain (G) — The ratio between the amounts of energy propagating in a cer- 
tain direction compared to the energy that would be propagating in the same direction 
if the antenna were not directional. Isotropic radiator is known as its gain. 

Figure 14.20 presents antenna far-field range for radiation pattern measurements. 
Antenna gain is measured by comparing the field strength measured by the antenna under 
test to the field strength measured by a standard gain horn as shown in Figure 14.20. The 
gain as function of frequency of the standard gain horn is supplied by the standard gain 
hom manufacturer. Figure 14.21 presents an anechoic chamber used to indoor antenna 
measurements. The chamber metallic walls are covered with absorbing materials. 


14.14 ANTENNA RANGE SETUP 

Antenna rage setup is shown in Figure 14.20. Antenna rage setup consists of the fol- 
lowing instruments: 

• Transmitting system that consists of a wideband signal generator and transmit- 
ting antenna 
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FIGURE 14.21 Anechoic chamber. 


• Measured receiving antenna 

• Receiver 

• Positioning system 

• Recorder and plotter 

• Computer and data processing system 

The signal generator should be stable with controlled frequency value, good spec- 
tral purity, and controlled power level. Low-cost receiving system consists of a detec- 
tor and amplifiers. Several companies sale antenna measurement setups such as 
Agilent, Tektronix, and Anritsu. 
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electromagnetic theory ( cont’d ) 
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radar cross section, 342 
applications 
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fractal antenna patch, 349 
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modified fractal stacked patch, 348, 352 
radiator of fractal stacked patch, 354 
space filling perimeter, 341 
stacked patch 2.5 GHz fractal antenna, 
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computed radiation pattern of, 323 
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radiation resistance, 344, 345 
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frequency source unit (FSU) 
design and analysis, 171-181 
fabrication, 181-184 


isolation, 168-169 
requirements, 163-165 
thermal analysis, 174-175 
Fresnel integers, 72, 73, 78 
Friis transmission formula, 6-8 
front end 

design of, 142-153 
high gain front end design, 148-153 
high gain front end module, 147-148 
requirements of, 142 
FSU see frequency source unit (FSU) 
full wave analysis, 260 

gain 

antenna gain, 419 
measurements, 419 

gallium arsenide (GaAs), 18, 37-40, 94, 
101-105, 107, 108, 110, 312 
Gauss’s law, 22 
gold, 39, 286, 291, 309 
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136-138, 416 
gunn diodes, 103, 108 
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half power beamwidth (HPBW), 5, 64, 83, 84 
hard materials, 39, 40 
harmonic load pull, 19 
harmonics, 164, 192, 229, 262, 266 
Hata formula, 13 
Hata model, 13 
Helmholz equation, 43, 48 
HEMT see high-electron mobility 
transistor (HEMT) 

HFSS software, 133, 289, 293 
high-electron mobility transistor (HEMT), 
102, 104, 108 

high pass LTCC filter, 301-305 
high temperature cofired ceramic (HTCC), 
300-305, 308, 309, 311, 312 
Hilbert curves 

fractal antenna patch 

Euclidean and fractal antennas, 344-345 
fractal stacked patch, 348, 349, 351 
modified fractal stacked patch, 348, 352 
radiator of fractal stacked patch, 

348, 354 

new fractal printed antennas, 352, 360 
resonator layer, 348 
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HMIC see hybrid microwave integrated 
circuit (HMIC) 
horn antenna 

aperture antennas, 5, 66-67 
directivity, 72 

E-plane sectorial horn, 70-72 
Fresnel integers. 72-73 
horn directivity, 72 
hom length, 71, 75 
H plane sectorial hom, 75-78 
pyramidal hom, 79 
human body 

electrical properties, 329, 330, 333 
helix antenna performance on, 398 
human body tissues, 329, 330, 378, 
379, 391 

meta material characteristic, 316 
hybrid antenna system, 60 
hybrid microwave integrated circuit 
(HMIC), 92 

IMP ATT diodes, 108 
impedance 

antenna impedance, 59-60, 65 
impedance matching, 29 
impedance of folded dipole, 65-66 
Inmarsat-M ground terminal, 92-99 
integrated Ku band tracking system, 
209-232 

integrated outdoor unit, 188-206 
integrated switched filter bank module, 
154-163 

interception point 
IP 2 , 269-270 
IP 3 , 269-270 
intermodulation 
IP 2 , 269-270 
IP 3 , 269-270 

introduction to microstrip antennas, 
113-115 

ion implantation, 100, 105, 108 
IP 2 and IP 3 measurements, 269-270 
isotropic radiator, 4, 58, 59, 65, 80, 419 

Ka band microstrip antenna arrays 
antenna configuration, 88 
configuration of, 86-87 
performance of, 86-87 
Ka band non-reflective SPDT, 109-110 


Ka band upconverter, 109-110 

Koch snowflake, 339 

Ku band patch antenna, 122-123 

law of conservation of enrgy, 24 

LDMOS transistor, 108 

light emitting diode (LED), 190, 221, 

228, 230 

linearity of RF amplifiers, 262-270 
linear ratio vs. logarithmic ratio, 7-8 
link budget, 8-9. 11-12, 210-213 
lithography 

electron beam lithography, 106 
load 

calibration, 406 
impedance, 29, 30, 257, 258 
matching 

quarter wavelength transformer, 86 
single stub matching, 33-34 
power transferred to, 30 
load pull, 17 

local area network (LAN), 2, 20, 57 
logarithmic relations 

linear ratio vs. logarithmic ratio, 7-8 
loop antenna 

dual of the dipole, 124 
magnetic fields, 123, 124 
new loop antenna, 127-132 
ohmic loos, 124 
printed loop, 125-127 
radiation pattern of, 127, 129 
radiation resistance, 124 
radio frequency identification loop, 385 
small loop antenna, 123-124 
square four turn loop antenna, 128 
tunable loop antenna, 126 
varactors, 126 
loss sources, 1 1 

low temperature cofired ceramic (LTCC) 
advantages, 312 

breakthrough for LTCC fabrication, 300 

cofiring, 300 

high pass filter, 303-305 

line loss, 301, 303 

material characteristics, 301, 303 

module, 300 

multilayer, 308-310 

process, 302, 312 

substrates, 301 
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tolerance check, 304 
low visibility microstrip antennas 
array performance, 86, 87 
conductor loss, 38, 118 
design of feed network, 119 
discontinuities, 86, 87 
evaluation of feed network loss, 115 
evaluation of radiation loss, 65 
gold plating, 309 
multiport network model, 402 
pointing vector, 124 
radiation loss, 38, 1 17 
S matrix, 403, 407 
Y matrix, 402 
Z matrix, 402 

low visibility printed antennas 
loop antenna 

dual of the dipole, 124 
magnetic fields, 123, 124 
new loop antenna, 127-132 
ohmic loos, 124 
printed loop, 125-127 
radiation pattern of, 127, 129 
radiation resistance, 124 
radio frequency identification loop, 20, 
100, 299 

small loop antenna, 123-124 
square four turn loop antenna, 128 
tunable loop antenna, 126 
varactors, 126 
microstrip antennas 
antenna gain, 419 
arrays, 83 
efficiency and, 119 
impedance, 123, 124 
planar inverted-F antenna 
dual band antennas, 138 
grounded quarter wavelength patch, 
136-138 

new double layer PIFA antenna, 
136-140 

radiation pattern of, 136, 138 
rat race coupler, 122-123 
resonator, 122 

stacked mono-pulse antenna, 122 
series fed microstrip array 
array feed network, 87 
array resonant frequency, 317 
patch resonator, 118-119 


radiation pattern of, 121 
stacked microstrip antenna, 

119-121 

stacked monopulse Ku antenna, 
122-123 

two layers stacked microstrip antenna 
antenna bandwidth, 119, 121 
antenna feed network, 119, 120 
circular polarization of, 119 
stacked microstrip antenna, 

119-121 

wired loop antenna 
quality factor, 133 
seven turn loop antenna, 132 
wire seven turn loop antenna, 132 

matching techniques 

quarter wavelength transformer, 86 
quarter wave transformer, 32-33 
reflection coefficient, 29 
single stub matching, 33-34 
transmission lines, 25-29 
VSWR, 29-31 
wideband matching, 33 
maxwell equations 

circular waveguide, 50, 52 
electromagnetic fields, 402, 415 
microstrip antennas, 59, 83 
patch resonator, 114 
radiation pattern of, 83, 84 
transmission lines, 43 
waveguide, 43-44 

MBE see molecular beam epitaxy (MBE) 
medical applications 

antenna bandwidth, 370, 37 1 
antenna impedance, 390 
antenna S 1 1 , 377-381 
comparison of loop antennas, 391 
dual polarized antenna, 383, 384 
folded antenna, 373, 374 
folded dual polarized antenna, 

383, 384 
human body, 370 
loop antennas, 375 

medical applications for low visibility 
antennas, 370 
radiation pattern, 372, 374 
VSWR, 370, 371 
MESFET transistors, 108 
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meta-material antenna 

wearable metamaterial antennas, 315-324 
microelectromechanical systems (MEMS) 
actuator, 285 
advantages, 282 
bio MEMS, 285 
bulk micromachining, 282, 283 
CAD, 283 

components, 284—285 
micromachining, 282 
optical MEMS, 285 
process, 282-284 
RF MEMS, 285 
sensors, 284 
microstrip antennas 

antenna bandwidth, 119, 121, 122, 129 
antenna impedance, 59, 65, 390 
antenna SI 1, 127, 139, 348, 377-381 
conductor loss, 38, 65, 118, 248 
cutoff frequency, 34-37, 46, 47, 54, 103, 
104, 117 

dielectric constant, 36-37, 85, 114, 
117-120, 122, 127, 138, 173, 215, 
246, 249, 325, 330, 348, 354, 378 
dielectric loss, 38-39, 65, 113, 118, 

119, 248 

effective dielectric constant, 36-37, 114, 
117-118 

evaluation of feed network loss, 85, 86 
evaluation of radiation loss, 38, 65, 117 
feed point, 66, 114, 117, 417 
higher order modes, 37 
losses, 118 

medical applications of 

antenna bandwidth, 119, 121, 122, 129 
antenna impedance, 59, 65, 390 
antenna Sll, 127, 139, 348, 377-381 
dual polarized antenna, 316, 323, 386, 
388, 389, 396, 398 

folded antenna, 323, 324, 331-333, 373, 
374, 379, 382 

folded dual polarized antenna, 323, 

324, 383 

human body, 329-333, 377-382, 386 
loop antennas, 123-132, 390, 395, 398 
low visibility antennas, 334, 370, 
383-385 

microstrip antenna shapes, 115 
patch radiation pattern, 118-119 


radiation pattern, 121, 325, 326 
transmission line model of, 115-117 
VSWR, 119, 121, 122, 125, 

129, 131 

microstrip antenna arrays, 85-88, 294 
microstrip lines 
advantages, 114 

characteristic impedance, 27, 31, 32, 37 
conductor loss, 38, 65, 118, 248 
cutoff frequency, 34-37, 46, 47, 54, 103, 
104, 117 

dielectric constant, 36-37, 85, 114, 
117-120, 122, 127, 138, 173, 215, 
246, 249, 325, 330, 348, 354, 378 
dielectric loss, 38-39, 65, 113, 118, 

119, 248 

effective dielectric constant, 36-37, 114, 
117-118 

higher order modes, 37 
losses, 38, 80 

microwave and mm waves techniques 
HTCC technology 

base materials for, 300, 301 
LTCC technology 
advantages, 300, 312 
breakthrough for, 300 
co-firing, 300 

comparison of single layer and 
multilayer, 305-308 
design of high pass LTCC filter, 
301-305 

line loss, 301, 303 
materials, 301 
module, 300 

multilayer microstrip coupler, 

305, 307 

process, 301, 302, 307, 309, 312 
substrates, 301 
tolerance, 304, 309 
MEMS technology 
actuator, 285 
advantages, 282 
bio MEMS, 285 
bulk micromachining, 282, 283 
CAD, 283 

components, 284-285 
micromachining, 282 
optical MEMS, 285 
process, 282-284 
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RF MEMS, 285 
sensors, 284 

microwave integrated circuits (MIC), 39, 

91-111, 113, 141-185, 192, 194, 197, 
200, 206, 209-243, 245-278, 299, 
308, 312, 313 
HMIC, 92 
semiconductors, 108 

MIMIC see monolithic microwave integrated 
circuit (MIMIC) 
mobile phone downlink, 9 
mobile phone uplink, 9 
molecular beam epitaxy (MBE), 106 
monolithic microwave integrated 
circuit (MIMIC) 

BJT, 102, 108 
capacitor, 107 
circuit examples, 109-111 
CMOS, 101-104 
CMP, 106 

contact lithography, 106 
cost, 109, 110 
CVD, 106 

design facts, 100-101 

dry etching, 105 

electron beam lithography, 106 

fabrication, 104-108 

FET, 103, 108 

GaAs vs. silicon, 103-104 

generation of microwave signals, 108-109 

gunn diodes, 103, 108 

HEMT, 102, 104 

IMP ATT diodes, 108 

ion etch, 106, 108 

ion implantation, 100, 105, 108 

Ka band nonreflective SPDT, 110 

Ka band upconverter, 110 

LDMOS transistor, 108 

light emitting diodes, 190, 221, 228, 230 

lithography, 106 

MBE, 106 

MESFET transistor, 104, 105, 107, 108 
MMIC cost, 110 
oxidation, 105 
PVD, 106 

quadrature phase shift modulation, 71, 77 
radio frequency modules, 91, 100 
rapid thermal anneal, 105 
resistor cross section, 107 


RIE, 106 

semi-conductor technology, 103, 104 
TWT, 109 
wet etching, 105 
mono-pulse Ku antenna 

stacked mono-pulse antenna, 122-123, 216 
stacked mono-pulse Ku antenna, 122-123 
mono-pulse transceiver, 233-243 
multiport network model with TV-ports 
currents, 402^-03 
electromagnetic field, 402 
S matrix, 403, 404, 407 
voltages, 402, 403 
Y matrix, 402 
Z matrix, 402 
multistage noise figure, 1 1 

network analyzer, 238, 373, 404^-06 
noise, 9-1 1 

noise figure (NF), 11, 15-18, 94, 96, 142, 
146, 147, 150, 173, 196, 197, 199, 
227-229 

measurements setup, 414 
noise sources 
flicker noise, 10 
mixer noise, 10 
random noise, 10 
thermal noise, 10, 14, 15, 188 

outdoor unit (ODU), 187-206 
output power and linearity 
measurements, 409 
oxidation, 105 

parabolic reflector antennas, 66-67, 69, 
212-217 

passive devices, 91, 100, 281, 300 
path losses, 1 1 
phantom, 333, 372, 373 
phased array, 60, 69, 270-277 
phased array direction finding system, 
270-277 

wide band phased array, 195, 200 
physical vapor deposition (PVD), 106 
planar inverted F antenna (PIFA) 
antenna, 136-140, 340 
dual band antennas, 138 
grounded quarter wavelength patch, 
136-138,416 
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planar inverted F antenna (PIFA) (coni' d) 
new double layer PIFA antenna, 136-140 
radiation pattern of, 136, 138, 139 
rat race coupler, 122-123, 214-216, 
251-252 
resonator, 348 

stacked mono-pulse antenna, 122, 216 
two layers stacked microstrip antenna 
antenna bandwidth, 119, 121, 122 
antenna feed network, 119, 120 
circular polarization of, 119 
stacked microstrip antenna, 83-86, 
119-122 

power combiner, 86, 109, 200-203, 205, 206, 
223-225 

power density, 4, 17, 340 
power splitter, 86 
Poynting vector, 35, 46, 61, 64 
coaxial transmission lines, 34-36 
dipole antenna, 60-66, 124, 316, 323, 333, 
370, 385, 388 

low visibility microstrip antennas, 1 13-140 
printed antennas 

array directivity, 83, 84 

array feed network, 87, 294 

array resonant frequency, 126, 129, 

138, 140 

half power beam width, 1 19 
low visibility microstrip antennas, 1 13-140 
medical applications, 113, 123 
microstrip antenna arrays, 115, 116 
patch resonator, 114-123 
printed arrays, 114, 115 
series fed microstrip array, 86 
printed arrays 

array directivity, 83 

array factor, 82 

array feed network, 87 

array nulls, 82, 83 

array radiation pattern, 80-82 

array resonant frequency, 80 

broadside array, 82 

configuration of, 83, 86 

half power beam width, 119 

low visibility microstrip antennas, 1 13-140 

measured antenna gain, 85, 86, 119, 

122, 216 

medical applications, 113, 123 
microstrip antenna arrays, 115, 116 


patch resonator, 114-123 
performance of, 83 

power combiner/splitter, 86, 109, 200-203, 
205, 206, 223-225 
radiation pattern, 121, 325, 326 
series fed microstrip array, 86 
stacked Ku band microstrip antenna, 83, 85 
stacked microstrip array, 83-86, 119-122 
substrate, 83, 85, 119, 122, 215, 216 
PVD see physical vapor deposition (PVD) 
pyramidal horn, 70, 79 

QAM see quadrature amplitude 
modulation (QAM) 

QPSK see quadrature phase shift 
modulation (QPSK) 
quadrature amplitude modulation 
(QAM), 102 

quadrature phase shift modulation 
(QPSK), 102 

quantum electrodynamics, 20 

quarter wave transformer, 32-33, 251, 254 

radar cross section (RCS), 342 
radiation efficiency, 59, 113, 347, 417-418 
radiation loss, 38, 65 
radiation pattern measurements, 

415-417, 419 

radio frequency (RF), 281, 299, 401-420 
measurements, 401-420 
modules, 91, 100, 101, 141, 142, 150, 184, 
245, 277, 281, 299 

radio frequency head, 92-100, 233-237, 
239, 241-243, 394, 406, 414 
radio frequency identification (RFID) 
antennas, 385-394 

dual polarized antenna, 384, 386, 389, 
396, 398 

matching network, 390, 391, 395 
microstrip antenna impedance, 383-386, 
391, 393 

varying the antenna feed, 389-390 
wearable antenna, 385-394 
radio frequency measurements 
antenna measurements 

anechoic chamber, 419, 420 
angular range, 416 

antenna efficiency and directivity, 417 
antenna gain, 419 
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Cartesian coordinate, 415 
far field antenna range, 415 
Fraunhofer distance, 415 
gain measurements, 419 
near field measurements, 401 
radiation efficiency, 417-418 
radiation pattern measurements, 
415—417, 419 
sidelobes, 417, 418 
antenna range setup 

electromagnetic fields, 402, 415 
voltages and currents, 402, 403 
Y matrix, 402 
Z matrix, 402 

output power and linearity measurements 
network analyzer, 404-406 
reciprocal microwave network, 404 
reflection coefficient, 403 
scattering matrix, 403-404 
VSWR, 403 

S parameter measurements 
large signal, 407 
network analyzer, 404^106 
reciprocal microwave network, 404 
reflection coefficient, 403 
scattering matrix, 403-404 
setup, 404-406 
small signal, 407 
VSWR, 403 

transmission measurements 
device under test, 407 
Friis equation, 407 
network analyzer, 404-406 
scattering matrix, 403^104 
setup, 404-406 
random fractal, 345 
rapid thermal anneal, 105 
rat race coupler, 122-123, 214-216, 251-252 
unequal rat race coupler, 252 
RCS see radar cross section (RCS) 
reactive ion etching (RIE), 106 
receivers definitions, 14-16 
receiver sensitivity, 11-14 

basic receiver sensitivity calculation, 14 
receiving channel, 92-94, 99, 141-185, 
196-199, 272-274, 394-397, 412 
power budget, 12 
reflector antenna 

Cassegrain reflector, 69 


dimensions, 114, 115, 136, 138, 348, 357, 
360, 370-372, 388, 389, 391, 415 
directivity, 59, 417 
efficiency of 
aperture, 5, 68 
blockage, 68 
cross polarization, 68 
spillover, 68 
taper, 68 

parabolic reflector, 66, 69, 212, 214 
RF see radio frequency (RF) 

RFID see radio frequency 

identification (RFID) 

RIE see reactive ion etching (RIE) 

saturated output power, 17, 142, 147, 265 
scattering matrix 
network analyzer 

reciprocal microwave network, 404 
reflection coefficient, 403 
VSWR, 403 
self-similar objects, 338 
semiconductors, 104, 301 
semiconductor technology, 103, 104 
series fed microstrip array 
array factor, 80-82 
array nulls, 81-83 
array radiation pattern, 80-82 
broadside array, 82 
end fire array, 83 

Ka band microstrip antenna array, 86-88 
millimeter wave arrays, 80 
performance of 32-element array, 85 
performance of 64-element array, 86 
printed arrays, 80, 83, 86 
SFC see space filling curves (SFC) 
signal strength, 8, 9, 11, 15, 407 
signal-to-noise ratio (SNR), 10, 15 
single pole double through (SPDT), 109, 1 10, 
142, 145, 154, 182 
Smith chart 

center of, 30-32 
guidelines of, 32 
uses of, 32 

SNR see signal-to-noise ratio (SNR) 
soft materials, 39, 41 
solid state amplifiers, 18 
solid state power amplifier (SSPA), 188, 191, 
192, 200-205 
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solid state power amplifier (SSPA), 188, 191, 
192, 200-205 (cont’cl) 
electrical design, 193-194 
general description, 192 
space filling curves (SFC) 
characteristic of, 342, 346 
definition of, 338 
examples, 341 

frequency response, 342, 343 
self-crossing, 338 

space filling ground plane, 345-348 
S parameter measurements 
large signal, 407 
setup, 404-406 
small signal, 407 

SPDT see single pole double through 
(SPDT) 

split ring resonators (SRR) 

antenna directivity, 319, 321, 327 
dual polarized antenna, 316, 323, 324 
folded antenna, 323, 324, 331 
folded dual polarized antenna, 

323, 324 

human body, 329-333 
meta-material antenna, 316 
patch antenna, 325-327 
printed antenna, 316, 326, 338-341 
radiation pattern of, 319-328, 331, 333, 
336, 337 

small antennas loaded with SRR, 316 
stacked patch, 336-337 
wideband antenna, 322 
spurious, 98, 188, 192, 198, 410 
SRR see split ring resonators (SRR) 

SSPA see solid state power amplifier (SSPA) 
stacked microstrip antenna 

stacked Ku band microstrip antenna 
fractal stacked patch, 348, 350-365 
modified fractal stacked patch, 

348, 352 

radiator of fractal stacked patch, 
348-352 

stacked Ku band microstrip antenna, 

83, 85 

stacked patch 2.5 GHz fractal antenna, 
348-352 

stacked patch 7.4 GHz fractal antenna, 
360-365 

stacked microstrip array, 83-86 


stacked mono-pulse Ku band antenna, 
122-123 

switching time measurements, 410 
synthetic aperture radar (SAR), 16 

TE see transverse electric mode (TE) 

TEM see transverse electromagnetic 
mode (TEM) 
third order model 

for single tone, 266-267 
for two tones, 267-269 
TLM see transmission line model (TLM) 
TM see transverse magnetic mode (TM) 
tracking system 

downconverter design, 228-229 
down-up converter, 225-226 
interface, 229-232 
upconverter design, 226-228 
transmission line model (TLM), 

115-117 

transmission lines 
advantages, 34, 36 
cables, 35-36 

characteristic admittance, 26 
characteristic impedance, 31, 

32, 37 

coaxial transmission lines, 34-36 
cutoff frequency, 35-36 
disadvantages, 34, 36 
industry coaxial cables, 35 
input impedance, 29, 30 
losses, 26, 38 

Maxwell equations, 25, 34, 43 
reflection coefficient, 28-31 
TEM, 25 

transmission measurements 
device under test, 407 
Friis equation, 407 
setup, 404^-06 
VSWR, 29-31 

transmitters definitions, 16-18 
transmitting channel, 12, 93-99, 195, 200, 
233, 256, 308 
power budget, 12, 97 
transverse electric mode (TE), 25 
transverse electromagnetic mode (TEM), 
25, 34, 44 

transverse magnetic mode (TM), 25 
traveling-wave tube (TWT), 109 
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tunable antenna 

dual polarized, 316, 323, 385, 386, 

396, 398 

measurements of, 333, 373 
medical application of, 375, 382-384 
wearable tunable printed antennas, 

329, 331 

tunable bandwidth, 15 
tunable loop antenna, 126, 375 
two layers stacked microstrip antenna 
antenna bandwidth, 119, 121, 122 
antenna feed network, 1 19, 120 
circular polarization of, 119 
radiation pattern, 121, 325, 326 
stacked microstrip antenna, 83-86, 
119-122 

stacked microstrip array, 83-86 
VSWR, 119, 121 

TWT see traveling-wave tube (TWT) 

varactors 

abrupt, 374, 398 
bias voltage, 96, 99, 201, 261 
capacitance, 126, 374 
circuit frequency, 126 
conductive plates, 136 
diodes, 109 

gallium arsenide (GaAs), 39, 94 
hyper-abrupt varactors. 126, 374, 398 
p-n junction, 103, 108, 251 
theory of, 126 
types of, 126 

VCO see voltage controlled 
oscillator (VCO) 
visibility 

low visibility antennas, 388-389 
low visibility printed antennas, 113, 136, 
370, 388 

voltage controlled oscillator (VCO), 271, 
272, 274 

voltages, 1, 25, 103, 168, 174, 201, 202, 274, 
402, 403 

bias voltage, 96, 99, 261 
and currents, 1, 25, 168, 402, 403 
voltage standing wave ratio (VSWR), 

29-31, 119, 121, 122, 125, 129, 

131, 316, 317, 319, 321, 323, 

325, 327, 330, 336, 376, 379, 

381, 403 


waveguide 

circular waveguide, 48-54 
cutoff frequency, 34—37, 46, 54, 103, 

104, 117 

Helmholtz equation, 43, 48 
Maxwell equations, 19-23, 25, 34, 43, 50, 
52, 114 

rectangular waveguide, 43, 46 — 48, 

70, 75 

TE modes, 25, 51 
TM modes, 25, 53 
wave equation, 23-26, 43, 48, 61 
waves 

electromagnetic waves 
Ampere's law, 22 
array directivity, 83, 84 
boundary conditions, 24, 25, 44-46, 

51, 53 

conductors, 34, 57, 60, 92, 246, 305, 
309, 311, 312, 340, 385 
conservation of energy law, 24 
Faraday’s law, 22, 23 
full wave analysis, 260 
Gauss’s law, 22 

Maxwell equations, 19-23, 25, 34, 43, 
50, 52, 114 

microstrip antenna arrays, 83-88, 

294, 297 

millimeter wave arrays, 80 
printed arrays, 80, 83, 86 
TE waves, 44, 50 
TM waves, 44, 46-48, 52-54 
wave equation, 23-26. 43, 48, 61 
wavenumber, 20, 45, 51, 53 
W band microstrip antenna 

antenna coupled to resistor, 285, 286, 

291, 294 

antenna design, 287-289 
array concept, 286, 287 
bowtie dipole, 294 
CMOS readout circuit, 286 
dipole 3D radiation pattern, 289, 295 
resistor configuration, 289, 290 
resistor design, 285, 289-291 
single array pixel, 286 
220 GHz patch antenna, 294, 296, 297 
wearable antennas 
antenna Sll variation 
air spacing, 379, 381 
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wearable antennas ( cont’d ) 
folded antenna, 379, 380 
properties of human body tissues, 

378, 379 

VSWR, 376, 379, 381 
compact dual polarized antennas, 385 
compact RFID antennas 
matching network, 390, 391 
microstrip antenna, 369, 370, 383-386, 
391, 393 

RFID wearable antenna, 390-392 
substrate thickness, 370, 380, 388 
varying the antenna feed network, 
389-390 

compact wearable antennas, 385-394 
dual polarized wearable antennas 

antenna dimensions, 370-372, 385, 388, 
389, 391 

computed radiation pattern, 372, 385, 
388, 389, 391 

folded dipole antenna, 373, 385 
helix antenna performance, 398 
loop antenna with ground, 374—378, 
381, 385, 389-392 
meander wearable antenna, 370 
phantom electrical characteristics, 

372, 373 

printed patch antenna, 382 
printed wearable antennas, 316 
tunable loop antenna, 375 
wearable tunable printed antennas 
dual polarized tunable antennas 
resonant frequency, 316, 317 
varactor bias voltage, 96, 99, 201, 

202, 261 

VSWR, 316, 317, 319 
folded dual polarized antenna, 323, 324 
measurements of, 15, 287, 333, 375 
medical application of, 126, 398 
tunable antennas varactors, 126, 

375, 398 

varactor diodes, 92, 103, 108, 110 
varactor theory 

abrupt varactors, 374, 398 
capacitance, 126, 374 
circuit frequency, 126 
conductive plates, 136 
diodes basics, 109 


gallium arsenide (GaAs), 39, 94 
hyper-abrupt varactors, 126, 374, 398 
p-n junction, 103, 108, 251 
types of, 126 
VCO, 271, 272, 274 
wearable tunable antennas 
air spacing, 379, 381 
antenna Sll variation, 377-381 
folded antenna, 379, 380 
medical application of, 126, 398 
properties of human body tissues, 329, 
330, 378, 379, 391 
VSWR, 376, 379, 381 
wet etching, 105 
wide band antennas, 195, 200 
wide band five-way unequal power 
divider, 255 

wide band matching, 33 
wide band receiving direction finding system, 
270, 272-274, 276, 278 
wide band six-way unequal power 
divider, 254 

wide band three-way unequal power divider, 
252-254 

wide band wearable metamaterial antenna 
antenna bandwidth, 319, 321, 323, 325, 
327, 336, 348, 352, 354 
antenna gain, 317, 323, 325, 327, 336, 
348, 366 

antenna resonant frequency, 319, 330, 331, 
336, 366 

folded dipole metamaterial antenna with 
SRR, 323-324 

metamaterials wearable antennas, 315-324 
new antenna with SRR, 316-322 
VSWR, 316, 317, 319, 321, 323, 325, 327, 
330, 336 

wearable antenna environment 
patch antenna loaded with SRR, 
325-327 

printed antennas with SRR, 316, 326, 
333, 338-341, 348-364 
radiation pattern, 319-328, 331, 333, 
336, 337, 344, 348, 351-353, 
355-357, 359-361 
slot antenna, 316 

small metamaterial antennas, 316, 319, 
340-346 
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